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Preface 


The  Ninth  Air  Force  Geophysics  Laboratory  (formerly  Air  Force  Cambridge 
Research  Laboratories)  Scientific  Balloon  Symposium  was  held  at  Wentworth-by- 
the  Sea,  Portsmouth,  New  Hampshire,  during  20  to  22  October  1976.  This  meeting 
was  attended  by  a large  number  of  engineers  and  scientists  affiliated  with  govern- 
ment, industry,  and  universities  from  the  United  States  and  several  foreign  coun- 
tries. Sessions  were  concerned  with  scientific  balloon  operations,  balloon  tech- 
nology, balloon-borne  experiments  and  instrumentation,  and  airships.  These  Pro- 
ceedings contain  both  presented  papers  and  papers  of  merit  which  were  either  re- 
ceived too  late  for  presentation  or  which  could  not  be  accommodated  because  of 
time  limitations. 

Session  chairmen  were  Mr.  Walter  F.  Martin,  Office  of  Naval  Research,  Mr. 
James  F.  Dwyer,  Air  Force  Geophysics  Laboratory,  Dr.  Alvin  H.  Howell,  Tufts 
University,  Dr.  R.  Earl  Good,  Air  Force  Geophysics  Laboratory,  and  Mr.  Norman 
J.  Mayer,  NASA  Headquarters.  To  these  gentlemen  I give  my  sincere  thanks  for 
their  assistance  in  this  successful  venture. 

Two  evening  sessions  were  held  at  which  informal  presentations  were  made  on 
topics  relevant  to  ballooning.  Dr.  Tom  Heinsheimer  expanded  on  his  formal  pre- 
sentation by  describing  his  flight  experiences  on  the  ATMOSAT  program.  Dr.  Kurt 
Stehling  gave  a very  informative  description  of  the  new  Balloon  and  Air  Ship  Hall  at 
the  Smithsonian  Institution  and  of  his  role  as  consulting  curator  in  establishing  it. 

Mr.  James  Winker  described  Raven  Industries  participation  in  the  Nasca  program 
which  tested  the  hypothesis  that  the  ancient  markings  found  on  the  desert  near  the 
town  of  Nasca,  Peru,  were  engineered  with  the  help  of  a manned  hot  air  balloon. 

Mr.  Harold  Reed  described  an  experiment  using  logging  balloons  to  off-load  container 


ships  and  Mr.  Toxey  Hall  gave  the  results  of  his  study  of  lightning  strikes  in  rela- 
tion to  tethered  balloon  operations.  M r.  Z.  R.  Charko  of  Canada's  National  Research 
Countil  described  his  country's  efforts  and  plans  in  establishing  a balloon  operations 
capability.  A very  spirited  and  sincere  talk  was  made  by  Mr.  Alfonso  H.  Correa 
who  having  lived  for  many  years  in  Brazil  advocated  the  use  of  airships  to  solve  many 
of  the  economic  problems  of  that  nation.  Dr.  Henry  Miranda  described  preliminary 
results  of  aerosol  measurements  which  indicate  that  previous  data  on  particle  size 

distributions  may  be  in  error.  Stratospheric  size  distributions  of  R 16  were  mea- 
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sured  as  compared  with  other  measurements  of  R or  R 

Planning  and  conducting  a scientific  symposium  requires  considerable  effort, 
especially  when,  as  in  this  case,  there  is  no  professional  organization  or  society 
available  to  furnish  assistance.  The  editor  thanks  the  following  people  for  their 
help:  Miss  Carol  Morin,  CMSgt  Hal  Greenlee,  Sgt  Kevin  McGown,  and  Sgt  Patrick 
Keeley.  Special  thanks  go  to  Mrs.  Charlotte  Stankiewicz  who  so  ably  dealt  with  the 
heavy  burden  of  paperwork  and  scheduling  involved  with  this  symposium. 


GEORGE  F.  NOLAN 
Manager 

Ninth  AFGL  Scientific  Balloon  Symposium 
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1.  Project  Skyhook  - Office  of  Naval  Research  Balloon  Project 


W.F.  Cross 
Office  of  Naval  Research 
Twin  Cities,  Minnesota 


Abstract 


On  1 October  of  this  year  the  last  in  the  1976  SKYHOOK  series  of  contractor 
launched  large  balloon  flights  was  terminated  over  Northern  Michigan,  29  years 
and  5 days  after  the  first  flight  of  Project  SKYHOOK.  In  1946  it  was  realized  that 
a stable  platform  from  which  high  altitude  scientific  observations  could  be  made 
was  needed  to  gather  information  of  value  for  space  flights  of  the  future.  An  initial 
project  HELIOS  required  for  the  construction  of  plastic  balloons  that  would  make 
possible  flight  to  the  stratosphere  in  a manned  gondola  equipped  with  scientific  in- 
struments. A cluster  of  plastic  balloons,  used  for  manned  flights  prior  to  World 
War  II,  was  to  be  used  to  achieve  an  altitude  in  excess  of  100,  000  ft. 


The  technology  of  plastic  balloon  manufacture  simply  had  not  advanced  far 
enough  to  risk  manned  flights  at  that  time,  dictating  a postponement.  HELIOS  did. 
however,  confirm  the  feasibility  of  using  plastic  balloons  to  carry  scientific  instru- 
ments to  high  altitudes  for  periods  of  up  to  a day  or  more.  The  Office  of  Naval  Re- 
searcn  began  Project  SKYHOOK  and  the  first  flight  of  a SKYHOOK  plastic  balloon 
occurred  on  25  September  1947.  Built  by  General  Mills  Incorporated  and  launched 
at  St.  Cloud,  Minnesota,  this  30,  000  cu  ft  vehicle  carried  a payload  of  65  lbs  to 
100,  000  ft  before  descending  near  Eau  Claire,  Wisconsin. 

(Received  for  publication  15  December  1976) 
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Since  that  time  more  than  3000  balloon  flights,  flown  under  ONR  sponsorship, 
have  been  made  from  locations  throughout  the  world  including  the  high  seas. 

The  first  shipboard  SKYHOOK  launch  took  place  from  the  USS  NORTON  SOUND 
in  1948.  Several  hundred  shipboard  launchings  have  occurred  since  then,  including 
Project  ROCKOON,  in  Arctic  waters  in  1952  where  small  DEACON  rockets  were 
lofted  to  about  70,  000  ft  by  SKYHOOK  balloons,  then  ignited.  Even  today,  Project 
HI  RISE  is  an  attempt  to  develop  a small  shipboard  launched  system,  to  enhance 
over  the  horizon  radio  communication. 

In  1954,  Super  SKYHOOK,  the  largest  plastic  balloon  built  by  that  time,  carried 
a 400  lb  payload  to  117, 000  ft.  This  3,  000,  000  cu  ft  balloon  represented  a size  in- 
crease of  two  orders  of  magnitude  in  less  than  seven  years. 

Project  STRATOSCOPE  I marked  the  tenth  anniversary  of  SKYHOOK.  On  25 
September  1957,  a solar  telescope  was  carried  to  an  altitude  of  81,000  ft  and 
photographed  over  400  of  the  sharpest  images  of  the  sun  ever  obtained.  Balloon 
technology  had  now  improved  to  the  point  of  where  manned  flights  programs,  dor- 
mant for  several  years,  were  increasing  in  interest.  Project  STRATOLAB  was 
initiated  in  1954.  The  gondola  shell,  originally  designed  by  Jean  Piccard  and  built 
for  Project  HELIOS,  arrived  in  the  Twin  Cities  for  outfitting  and  testing.  Winzen 
Research,  INC.  and  General  Mills  combined  their  talents  to  provide  climate,  sens- 
ing, flight  control,  and  safety  and  communications  equipment  for  the  gondola.  The 
purpose  of  STRATOLAB  was  to  provide  a research  platform  from  which  operational 
and  physiological  problems  associated  with  space  flight  could  be  studied.  Altitudes 
of  from  60  to  100,  000  ft  were  thought  to  be  particularly  significant,  in  that  future 
military  aircraft  would  be  operating  in  this  regime. 

STRATOLAB  HIGH  I was  launched  by  General  Mills  on  8 November  1956  and 
reached  an  altitude  of  76,  000  ft.  Chief  pilot  for  this  and  all  subsequent  STRATOLAB 
flights  was  Commander  Malcolm  D.  Ross,  U.  S.  Naval  Reserve.  The  STRATOLAB 
HIGH  I flight  broke  a 21  year-old  altitude  record  set  by  EXPLORER  II  and  ushered 
in  an  era  of  almost  routine  Navy  and  Air  Force  manned  plastic  balloon  flights. 
STRATOLAB  II,  III,  and  IV  were  responsible  for  two  major  accomplishments;  the 
first  national  television  broadcast  from  what  was  then  "outer  space"  and  the  dis- 
covery of  water  vapor  in  close  proximity  to  the  planet  Venus.  The  final  flight  in 
the  series  was  STRATOLAB  V.  Launched  by  Winzen  Research  from  the  deck  of  the 
aircraft  carrier  USS  Antietam,  in  1961,  the  flight  set  a world  record  of  113,000  ft 
in  an  open  gondola.  The  two  pilots  conducted  the  first  actual  environmental  tests 
of  the  Navy-developed  space  suit  which  was  to  become  the  forerunner  of  the  apparel 
used  in  the  NASA  Mercury  Program. 

Manned  flights  held  great  public  interest  from  1955  to  1961  and  somewhat  over- 
shadowed another  program,  SKY’HOOK  Churchill,  which  began  in  1959.  SKYHOOK 
Churchill  was  inaugurated  using  8 contractor  personnel  from  Raven  Industries, 


6 balloons,  and  one  aircraft  for  payload  recovery.  Dr.  .lames  Earl,  University  of 
Maryland,  was  the  first  scientist  participant.  Launching  from  the  airfield  at 
Fort  Churchill  balloons  floated  down  range  on  the  summer  easterlies  to  the  Lake 
Athabasca/Fort  McMurray  area.  In  later  years,  additional  aircraft  were  added  to 
the  operation,  including  a helicopter  for  airlifting  packages  out  of  the  wilderness, 
and  a C-47  aircraft  for  return  of  heavier  payloads  to  Churchill  for  reflight.  In  all, 
over  300  "large"  contractor  launched  balloons  have  been  flown  in  the  17  years  of 
SKYHOOK  Churchill. 

Other  geographical  areas  at  which  SKYHOOK  operations  have  taken  place  range 
from  the  Antarctic  to  T-3  Ice  Island  and  include,  Peru,  Panama,  Australia,  Green- 
land, Iceland,  and  numerous  sites  on  the  North  American  Continent.  SKYHOOK  has 
had  its  record  balloons  too  — at  least  for  short  periods  of  time.  A 46.  1 MCF  balloon 
was  the  largest  ever  launched  as  of  early  1972,  and  a 50.  3 MCF  balloon  held  the 
limelight  briefly  when  it  was  launched  in  August  1974. 

The  1976  Program  saw  for  the  first  time  the  use  of  a contractor-provided  air- 
transportable  ground  station.  Used  in  conjunction  with  the  C-47,  this  station  pro- 
vides a highly  mobile  telemetry  capability. 

A significant  part  of  the  support  of  balloon  flights  is,  of  course,  providing  in- 
flation gas.  The  ONR  Helium  Facility,  located  in  New  Brighten,  Minnesota,  has 
the  capability  to  refurbish  and  hydrostatically  test  an  inventory  of  19  trailers  and 
3700  small  cylinders  which  are  used  to  support  balloon  operations  and  other  ONR 
Helium  requirements. 

Through  the  years,  an  important  part  of  SKYHOOK  has  been  support  of  the 
"small"  hand  launched  balloon.  Dozens  of  scientists  have  performed  research 
experiments  using  these  small,  relatively  inexpensive  platforms,  some  from  ex- 
tremely remote  areas  inaccessible  to  the  specialized  heavy  equipment  required  for 
large  balloons.  Dr.  Forrest  Mozer,  University  of  California,  plans  two  rather 
unique  small  balloon  balloon  operations  during  the  forthcoming  year.  BUCKSHOT 
IV  will  be  coordinated  effort  to  maintain  his  electric  field  experiment  aloft,  over 
four  launch  sites,  simultaneously. 

On  another  operation,  a number  of  small  balloons  are  to  be  launched  from 
Edmonton,  Alberta  in  winter  and  tracked  to  the  East  Coast.  This  project  "LONG- 
SHOT"  will  employ  six  down-range  ground  stations.  Small  balloon  investigators  at 
University  of  Maryland,  Houston,  Minnesota,  Minnesota- Duluth,  Wyoming,  Denver, 
Utah  State,  New  Mexico,  and  Washington  are  currently  receiving  technical,  opera- 
tional, and  diplomatic  support  from  Project  SKYHOOK.  Development  of  a reliable 
expendable  command  and  ranging  system  has  held  high  priority  in  developmental 
work  of  the  past  two  years.  One  such  system,  developed  under  ONR  contract  by 
Dr.  Roger  Williamson,  Utah  State  University,  was  successfully  tested  this  past 
summer,  and  deployed  for  use  on  small  balloon  flights  conducted  in  Alaska  in 
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September.  The  airborne  portion  of  this  system  can  be  manufactured  for  about  $250. 
Pending  further  simplification  and  automation  of  the  ground  station,  drawings  and 
specifications  for  the  system  will  be  made  available  to  potential  users  upon  request. 

Another  interesting  "spinoff"  from  small  balloon  operations  has  been  the 
development  of  improved  bubble  restraint  and  release  technique.  The  University  of 
Wyoming  uses  a lined  styrofoam  filler  and  parallel  bars.  A technique  developed  by 
M.O.  Evanick  of  ONR  was  used  successfully  in  Alaska  during  September.  Each  of 
these  restraint  techniques  has  been  used  safely  to  launch  gross  inflation  in  excess 
of  300  lbs. 

A handbook  entitled,  ' Basic  Procedures  for  Small  Balloon  Flights"  containing 
contributions  from  many  people  in  the  ballooning  community  is  currently  being 
printed  in  the  Twin  Cities.  Small  balloons  played  an  important  role  in  the  stratos- 
pheric sampling  conducted  under  the  Climatic  Impact  Assessment  Program,  (Pro- 
ject CLAP).  Beginning  in  1971,  the  Universities  of  Wyoming,  and  Melbourne, 
Australia  have  conducted  265  experiments  on  150  small  balloon  flights  for  tha  mea- 
surements of  ozone,  water  vapor,  and  aerosols  in  the  stratosphere.  It  is  reason- 
able to  expect  that  small  balloons  will  continue  to  support  sampling  and  monitoring 
of  stratospheric  chemistry  now  being  planned  on  a national  and  international  scale. 
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The  complexities  of  matching  operational  weather  fore- 
casting with  balloon  operations  are  discussed  in  this  paper. 
Terminology,  verbal  communications  and  time  synchronization 
of  raw  weather  data  with  the  flight  schedule  are  particular 
problems.  The  integration  of  climatology  and  actual  fore- 
casting is  covered  along  with  basic  assumptions  about  many 
of  the  forecast  parameters.  The  interface  with  balloon  opera- 
tions is  pursued  from  advanced  planning  through  inflight 
monitoring. 

i 
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INTRODUCTION 
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A wide  variety  of  scientific  disciplines  must  be  skillfully 
integrated  to  produce  a successful  research  balloon  flight. 

When  considering  this  hypersensitive  gas  thermometer,  this  mini- 
helium atmosphere  bobbing  in  a dynamic  ambient  ocean  of  air,  it 
becomes  apparent  that  no  applied  discipline  is  more  vital  than 
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meteorology.  The  critical  relationship  between  balloon  opera- 
tions and  associated  meteorological  support  is  to  be  explored 
in  this  paper.  It  will  attempt  to  illuminate  problems  and  pro- 
mote understanding  on  either  side  of  the  communications  boundary 
layer . 

I \ll\  \V  I I* I \\\|\(. 

At  some  point , from  a few  months  to  a year  or  more  in 
advance  of  an  actual  launch,  the  broad  outline  of  the  flight 
proposal  must  be  molded  into  specific  terms.  Items  of  decision 
dependent  upon  meteorology , would  be : 

Launch  Location  Vertical  Profile 

Launch  Date  Cloud  Coverage  Limitations 

Launch  Time  Trajectory  Limitations 

Flight  Duration 

These  decisions  would  be  of  necessity,  based  upon  climatology, 
a game  played  almost  exclusively  with  statistics.  The  flight 
planners  must  be  made  aware  that  we  are  now  dealing  with  means , 
extremes,  standard  deviations;  that  the  date  of  the  stratospheric 
Spring  wind  reversal  varies  within  a soft  bracket,  and  is  not 
ordained  by  Congress.  The  selection  becomes  a process  of  balanc- 
ing classical  statistics  with  logistical  economics.  Choosing  the 
earliest  reasonable  stratosphere  reversal  date,  as  indicated  by 
climatology,  has  strong  advantages.  It  provides  a buffer  in  case 
of  unexpected  flight  preparations  problems  or  persisting  forbidding 
surface  weather.  It  almost  completely  negates  the  chance  of  being 
too  late  for  the  exact  reversal  date.  On  the  other  hand,  if  pro- 
ject funds  are  not  unlimited,  one  must  slide  over  much  closer  to 
the  hard  mean.  This  procedure  can  be  made  less  dangerous  by  intro- 
ducing the  concept  of  compromise.  The  date  of  wind  reversal  occurs 
generally  later  with  lower  altitude.  If  hitting  the  exact  date  is 
critical,  one  might  be  willing  to  nominate  a lower  flight  altitude 
as  a contingency  factor.  Flight  duration  constitutes  another  avenue 
of  compromise. 


Looking  back  at  the  list  of  parameters,  dependent  upon  meteorology, 
we  find  that  almost  all  the  items  are  dependent  upon  one  another. 

This  again  spells  compromise,  and  adjustments  weave  a complex  chess 
§ game.  The  optimum  launch  location,  for  instance,  is  a function  of 

launch  date,  flight  duration,  vertical  profile  and  cloud  coverage. 

,1  A simple  but  helpful  introduction  to  the  problem  can  be  generated  by 


HMN  CLIMATOLOGICAL  SYNOPSIS  FOR  BALLOON  OPERATIONS 
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Note  that  if  a noon  launch  is  desirable,  surface  winds  are 
optimum  for  December.  However,  that  month  also  displays  the  most 
unfavorable  downwind  cloudiness  and  very  strong  float  winds.  One 
could  extend  this  device,  by  numerically  rating  the  months,  for 
each  pertinent  flight  parameter.  Primarilly,  the  experimenters 
must  be  made  aware  of  the  probabilistic  nature  of  the  ratings, 
and  that  each  month  demonstrates  negative  as  well  as  positive 
characteristics . 
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This  phase  usually  occurs  from  a month  to  a week  in  advance  of 
the  scheduled  mission  date,  when  the  experimenter  arrives  at  the 
launch  location.  Now  one  can  make  final  and  more  precise  decisions 
for  all  the  items  discussed  in  the  advanced  planning  meeting.  At  this 
stage,  climatology  melds  with  forecasting  techniques.  The  seasonal 
trend  would  generally  have  been  established  as  to  being  early  or 
late.  There  may  even  be  some  time  for  shuffling  of  launch  sites, 
accordingly.  A firmer  cut  off  date  for  the  nominal  mission  may  now 
be  indicated,  as  float  wind  speed  or  directional  trends  are  confirmed. 
Frequently,  a compromise  may  be  decided  upon  in  advance,  to  compen- 
sate for  possible  launch  date  slides,  via  reduced  flight  durations 
or  float  altitude  changes.  If  the  arrival  date  of  the  experimenters 
have  been  delayed  2 weeks  or  more,  they  should  be  made  aware  of  the 
corresponding  seasonal  shifts  in  the  climatology  which  could  alter 
launch  probabilities.  If  the  brisk  surface  winds  of  Spring  are 
a new  factor  for  instance,  then  a proposed  late  launch  time  must 
be  moved  back  to  the  protective  hours  of  dawn.  Slippage  into  the 
thunderstorm  season  can  be  alleviated  by  a very  early  launch  time 
with  termination  before  the  cumulus  development  becomes  active. 


:t.  PR h H,l(. II I HKIkHM, 

This  is  normally  held  the  day  prior  to  the  actual  launch.  The 
purpose  is  to  present  the  sequence  and  details  of  flight  events  t 
all  involved,  and  to  make  an  initial  "Go-No-Go"  decision,  based  in 
part  upon  weather.  Included  in  the  weather  briefing,  should  be  the 


following  parameters: 

General  Synoptic  Situation 
Launch  Site  Surface  Winds 
Launch  Site  Cloud  Coverage 
Launch  Site  Ambient  Temperature 
Maximum  Jet  Stream  Speed 
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Tropopause  Temperatures 
Overall  Trajectory 
In-Transit  Weather 
Impact  Site  Weather  and  Winds 
Long  Range  Outlook 
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The  forecaster  presenting  the  briefing  should  not  be  responsible 
for  the  final  "Go-No-Go"  decision.  There  are  far  too  many  other 
factors  involved,  and  a flight  director  with  the  "Big  Picture"  is 
in  a much  better  position  to  weigh  variables.  The  director  should 
challenge  the  forecast,  with  the  nerve  of  a prosecuting  attorney. 

What  he  really  needs  to  discern,  is  the  confidence  level  backing 
basic  statements.  The  general  synoptic  situation  is  an  important 
key.  If  a front  of  moderate  intensity  is  approaching  your  launch 
area,  then  a negative  bias  is  well  justified.  In  such  situations, 
any  number  of  meteorological  parameters  can  be  prohibitive,  and  it 
is  wiser  to  cancel  because  of  the  general  situation,  rather  than  one 
or  more  individual  factors.  Frequently,  the  specified  variable  turns 
out  to  be  passable,  but  some  other  factor  cancels  the  mission.  An 
equal  confidence  level  can  be  accepted  if  a large  high  pressure 
region  covers  that  entire  section  of  the  country. 

The  real  confidence  calibration  level  problem  occurs  with 
phenomenon  such  as  weak  fronts,  especially  those  which  tend  to  get 
lost  in  the  mountains.  A small  scale  meteorological  disturbance 
can  elevate  the  wind  speed  from  5 knots  to  eleven.  For  some  balloon 
systems,  this  process  can  be  disasterous.  The  long  range  outlook 
may  represent  the  best  outlet  for  this  dilemna.  If  a stronger  system 
is  to  follow,  then  the  decision  is  obvious.  Perhaps  two  to  three 
days  of  good  weather  is  indicated,  which  again  would  offer  a logical 
solution . 

In  the  case  of  marginal  conditions,  timing  of  the  briefing  becomes 
a factor.  The  complete  set  of  complex,  competing  and  often  contradic- 
tory computer  forecasts  are  not  available  on  facsimile  circuits  until 
afternoon.  Moreover,  the  forecaster  need  time  to  digest  and  discrim- 
inate. Thus,  if  the  major  briefing  is  held  in  the  morning,  a short 
up-date  weather  briefing  in  the  afternoon  is  warranted,  in  the  case 
of  marginal  situations.  The  same  thing  holds  true  for  float  altitudes 
above  30  kilometers,  where  one  must  wait  until  rocketsonde  data 
becomes  available.  The  timing  of  data  and  available  charts  is  crucial 
for  maximum  forecast  accuracy,  and  the  flight  director  should  become 
sharply  aware  of  this  relationship. 
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In  addition  to  absorbing  some  of  the  esoteric  lores  of  meteorology, 
that  flight  director  has  urgent  need  of  something  approximating  a PHD 
in  psychology.  The  first  scheduled  flight  briefing,  in  particular, 
can  be  rampant  with  overtones.  The  experimenter  will  announce  that 
he  is  generally  ready,  but  inevitably  could  use  an  extra  day  or  so 
of  calibrations  plus  some  needed  sleep.  If  the  weather  forecast 
demonstrates  even  a slightly  negative  taint,  he  will  casually  pass. 
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A shrewd  forecaster  will  sense  this  circumstance,  and  perhaps 
tone  his  presentation  slightly.  Thus  he  can  forgo  making  a decision 
on  what  might  have  been  an  ambiguous  meteorological  situation.  The 
hapless  flight  director,  who  is  immersed  in  these  verbal  games,  must 
sort  out  the  various  motives  and  arrive  at  a correct  decision.  Once 
again,  the  long  range  outlook  could  represent  the  deciding  factor. 

Now  let  us  consider  some  of  the  individual  parameters  comprising 
the  pre-flight  briefing.  The  atmosphere  is  three  dimensional,  and 
meteorologists  include  as  many  as  six  different  levels  in  constructing 
forecast  systems.  In  addition  there  are  miscellaneous  charts  which 
integrate  the  vertical  structure.  This  becomes  too  detailed  for 
presentation  at  briefings,  not  to  mention  commerical  TV.  The  custo- 
mary solution  is  to  demonstrate  just  the  surface  chart,  plus  occasion- 
ally the  500  millibar  map,  and  imply  the  rest  of  tha* story.  Unless 
the  weight  of  the  other  material  is  stated,  the  forecast  bias  may  have 
an  aura  of  witchcraft.  This  dilemna  is  further  complicated  by  the 
need  for  interpretation  of  a number  of  different  computer  forecast 
programs  which  can  generate  different  answers.  The  local  forecaster's 
task  is  to  decide  which  is  working  best  for  this  particular  situation. 
Moreover,  he  must  modify  that  picture  with  local  terrain  effects. 

The  result  is  a fine  juggling  act  which  must  be  strung  together  with 
studied  semantics  and  some  bravado.  Presenting  a precision  surface 
wind  forecast  20  hours  in  advance  is  basically  impossible.  Conventional 
forecasting  techniques  dismiss  anything  less  than  10  knots  as  light 
and  variable.  Moreover,  they  apply  to  an  official  height  of  13  feet, 
considerably  below  balloon  gas  bubble  levels.  The  majority  of  launches 
are  close  to  dawn,  when  the  low  level  temperature  inversion  is  at 
maximum  strength,  affording  maximum  protection.  But  a change  of  cloud 
coverage  from  clear  to  scattered  can  dramatically  change  the  evolution 
of  the  inversion.  Above  the  inversion  layer,  the  unfettered  wind  can 
break  ur>  this  sirrrole  format  by  increasing  substantially.  Below,  there 
is  meandering  terrain  generated  local  flow,  alone  worth  a few  dozen 
PHD  thesis.  The  most  honest  briefing  wind  forecast  therefore,  might 
better  utilize  the  terms  acceptable,  marginal  or  impossible. 

Cloud  coverage  forecasts  generally  can  be  somewhat  more  disciplined, 
but  only  within  the  verbal  limits,  clear,  scattered,  broken,  overcast. 
There  are  human  limitations  to  be  reckoned  with  here.  If  the  moon  is 
not  full,  weather  observers  frequently  miss  nocturnal  cirrus  coverage, 
which  mysteriously  increases  at  sunrise.  If  cloud  coverage  is  mission 
critical,  it  becomes  advantageous  to  schedule  the  launch  late  enough 
to  be  based  upon  post-twilight  observations. 
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Ambient  launch  temperature  is  important,  at  least,  in  advising 
the  crew  how  to  dress.  Occasionally  this  has  a substantial  effect 
on  launch  operations  count  down. 

The  speed  of  the  jet  stream  itself  is  not  a first  order  parameter. 

It  does,  however,  offer  some  measure  of  the  probability  of  wind 
shear.  The  latter  is  a consideration  for  large,  thing  filmed  balloons, 
and  can  affect  ascent  rate. 

The  tropopause  temperature  profile  must  be  considered  for  on- 
board instrumentation  problems,  especially  with  complicated  vertical 
balloon  profiles. 

The  trajectory  forecast  is  worth  another  paper  or  two  in  itself. 

The  basic  thing  to  remember  is  that  while  moderate  to  strong  strato- 
sphere winds  are  somewhat  stable,  tropospheric  winds  can  change  rapidly. 
Even  a three  hour  launch  slide  may  alter  the  climb  out  vector  by  30 
degrees  or  more. 

For  the  float  winds,  timing  is  again  the  key.  Unfortunately,  the 
upper  winds  are  not  transmitted  over  national  teletype  until  near 
noon.  Thus  for  the  typical  dawn  launch,  analysis  has  to  be  based 
upon  data  from  sunset  the  previous  day.  Even  update  troposheric 
wind  data  is  transmitted  in  a preliminary  form  just  around  sunrise. 

The  problem  can  be  partly  alleviated  by  taking  special  local  runs 
and  making  telephone  calls  to  a few  critical  stations,  thus  obtaining 
data  before  transmission  time.  Once  again,  the  pertinent  question  for 
flight  director  should  always  be;  how  fresh  is  your  data? 

Impact  site  weather  is  one  area  where  flight  profile  flexibility 
should  be  extended  to  its  maximum.  After  the  experimenter  has  obtained 
all  his  requested  data  time,  the  flight  altitude  and  duration  could  be 
varied  hughly,  to  avoid  unfavorable  impact  weather.  This  option 
should  be  examined  early,  however,  to  assure  that  balloon  control  instru- 
mentation and  ballast  stores  have  sufficient  capacity  to  handle  extended 
exercises.  The  long  range  outlook  can  frequently  be  the  largest  factor 
in  determining  "Go-No-Go"  status.  Key  factor  to  be  examined  here,  is 
how  consistent  are  the  various  computer  forecasts. 


».  U K. Ill  FORECASTS 

During  the  actual  operations,  update  forecasts  should  be  continually 
made  at  critical  commitment  points.  The  first  of  these  would  be  when 
the  launch  crew  and/or  experimenter  personnel  get  out  of  bed.  If  the 
pre-flight  briefing  forecast  was  marginal,  then  the  meteorologists  and  a 
very  few  key  personnel  should  confer  for  a preliminary  decision,  early 
enough  to  prevent  other  people  from  traveling  to  the  launch  location. 
This  is  a move  which  can  save  copious  man  and  even  vehicle  hours . 
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Although  there  can  be  variable  points  of  no  return  for  complex 
experimenter  instrumentation,  the  next  vital  decision  may  be  for 
the  flight  train  layout  direction.  Once,  again,  timing  is  critical. 

The  surface  wind  regime  shifts  shortly  after  sunrise,  usually  close 
to  the  time  of  launch.  Should  the  forecaster  prescribe  lay  out 
direction  for  the  flight  pre-dawn  winds,  or  the  increasing  post- 
sunrise flow,  in  case  of  a slide?  Actually,  the  flight  director 
should  have  a better  feel  for  the  probability  of  a late  or  early 
launch,  so  he  should  be  presented  with  forecasts  for  surface  wind 
profiles  before,  during  and  after  the  scheduled  launch  time. 

The  flight  meteorologist  is  faced  with  one  politically  sensitive 
! decision,  as  he  fills  in  his  final  impact  area  cloud  coverage  forecast. 

Without  a waiver,  FAA  regulations  must  be  adhered  to.  Official  fore- 
casts  for  the  landing  area,  are  being  regularly  received  over  national 
teletype  and  facsimile.  Can  the  balloon  forecaster  afford  to  counter 
a negative  cloud  forecast  with  his  own  positive  forecast,  especially 
when  the  area  is  considerably  remote  from  the  home  grounds?  This 
dilemna  is  bound  to  bias  his  final  forecast.  Contingency  plans  for 
varying  the  landing  area  via  flight  profile  changes  can  help  to  allevi- 
ate this  problem. 

Once  airborne,  frequent  update  forecasts  are  necessary.  A weather 
I station  adjoining  the  balloon  control  center  is  almost  mandatory. 

Enroute  and  landing  area  weather  should  be  continually  updated,  with 
supplementary  observations  from  tracking  aircraft.  The  parachute 
i drift  must  be  updated  prior  to  termination,  if  at  all  possible. 

In  summary,  the  flight  director  should  know  something  of  the 

> complexity  underlying  the  basis  of  the  forecasts  provided  him;  he 

should  have  a feel  for  the  jargon  of  the  trade  and  the  confidence 

> level  of  the  forecast  in  each  particular  situation.  But  the  prize 

winning  question  for  all  certified  interrogators  may  well  be,  "How 
fresh  is  your  data?" 
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3. The  National  Scientific  Balloon  Facility 

Robert  S.  Kubara 
National  Center  for  Atmospheric  Research 
Palestine,  Texas 


Abstract 


The  National  Scientific  Balloon  Facility  located  in  Palestine.  Texas  is  a 
National  Research  Facility  devoted  to  the  support  of  ballooning  requirements  of 
the  scientific  community. 


The  facility  was  established  in  1961  and  became  fully  operational  in  1963.  Over 
( the  ensuing  years,  an  average  of  90  scientific  balloon  flights  have  been  conducted 

annually  for  more  than  80  different  United  States  and  foreign  universities  and  re- 
search organizations. 

A broad  overview  is  given  of  its  organizational  structure,  facilities,  and  opera- 
> tional  capabilities. 
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4.  National  Scientific  Balloon  Facility 
Balloon  Flight  Support  Electronics 


Earl  Smith 

National  Scientific  Balloon  Facility 
Balloon  Flight  Support  Electronics 


1.  INTRODUCTION 


This  is  to  acquaint  the  re  ider  with  the  electronics  provid  ' by  the 
NSBF  for  * he  support  of  the  scientific  community.  The  technical  detail 
are  kept  to  general  terms  with  only  hose  that  are  necessary  for  the 
system  to  b-  understood.  For  those  who  would  like  more  technical  infor- 
mation, contact  sh > 1 ’ be  made  with  the  electronics  section  at  the  NSBF. 
Both  the  airborne  and  ground  equipment  are  covered  along  with  the  develop 
ment  now  under  way  as  well  as  future  plans. 
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2.  lllSTOin 


When  the  facility  was  first  started  in  1963  the  electronics  support 
was  only  for  control  and  tracking  of  the  balloon.  Primarily  this  was  com- 
mand control  of  termination  and  ballast,  and  HF  barocoder  transmit  ter  for 
altitude  and  the  radiosonde  for  tracking.  There  was  soon  after  a system 
offered  for  experimenter  d3ta  and  command  control.  The  command  system  was 
of  the  PCM/PWM  type  with  30  discrete  functions.  A PCM  data  system  was  also 
offered  with  the  data  format  of  a 32  word  main  frame  including  sync  and  a 
16  word  sub-frame  at  a bit  rate  of  32  BPS.  Although  this  system  was  used 
effectively  by  several  different  groups  due  to  the  rapid  advancement  of 
electronics  the  system  was  soon  "outdated",  it  remained  in  use  until  a 
replacement  system  was  offered  in  the  early  1970’s. 

;i.  MISSION 

The  electronics  section  and  equipment  maintained  by  the  NSBF  are  for 
the  support  of  the  scientific  community.  It  is  designed  to  provide-  the 
best  pressure  altitude  and  tracking  information  as  well  as  a highly  re 
liable  command  control  and  data  transmission  system.  The  user  is  therefore 
relieved  of  the  burden  and  cost  of  maintaining  the  system  to  give  a higher 
data-dollars  ratio.  The  only  cost  to  the  user  is  for  expendable  items  such 
as  chart  paper  and  magnetic  tape. 

I.  MRHORNK.  KLCCTROMCS 

The  airborne  package  is  contained  in  an  insulated  box  that  is  23  x 26 
x 18  inches  with  a weight  of  about  120  lbs  when  powered  for  a 40-t  hour  flight. 

The  block  diagram  (Figure  1)  illustrates  the  equipment  used  and  interconnections. 
Only  the  equipment  that  is  required  for  the  flight  is  flown  so  that  the  weight 
may  be  somewhat  lighter. 

A brief  description  will  be  given  of  each  of  these  instruments  with 
more  detail  given  with  the  ground  support  equipment. 
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Figure  1.  Block  Diagram  of  Airborne  Telemetry  and  Command  Control 
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The  Omega  Receiver  is  in  reality  a simple  tuned  Audio  Amplifier  with  a 
center  frequency  of  13.6  K hertz  and  a band  width  of  about  200  hertz.  The 
input  to  a tuned  matching  circuit  is  about  20  feet  of  single  conductor  wire 
with  the  signal  being  amplified  by  a FET  (Field  Effect  Transistor)  and  one 
operational  amplifier.  An  impedence  matching  transistor  output  circuit  is 
used  to  control  the  output  amplitude  and  mix  it  with  the  subcarrier  oscillators 
as  an  input  to  the  mixer  amplifier  for  transmitter  modulation. 

6.  SUBCARRIER  OSCILLATORS 

The  SCO’s  are  commercial  built  IR1G  standard  with  the  exception  of  Chan- 
nel H which  can  be  standard  +_  137o  or  wide  band  with  + 30%  deviation.  There 
are  12  SCO’s  offered  with  complete  ground  support  discriminators.  These  are 
Channels  1,  3,  5,  7,  8,  9,  10,  11,  12,  B,  E,  H with  the  Channel  13  slot  being 
used  for  Omega  information.  Normally  Channel  1 is  used  for  command  verify 
and  12  for  pressure  altitude  data.  A PCM  signal  of  up  to  20  K bits  NRZ  can 
be  transmitted  on  the  standard  Channel  H or  up  to  80  K bits  of  NRZ  on  the 
wide  band  H.  For  Bi  0 PCM  signals  the  bit  rate  is  one  half  the  NRZ  rate. 

7.  PCM  COMMAND  SYSTEM 

The  receiver  used  for  this  system  is  commercially  made  for  portable 
communications  in  the  135  to  150  Mhz  range.  A narrow  band  deviation  of 
+ 5 Khz  is  used  which  will  easily  pass  the  1620  Hz  + 180  Hz.  FSK  (Fre- 
quency Shift  Keyed)  tone  used  to  transmit  the  360  BPS  (bits  per  second) 

PCM  signal. 

The  FSK  tone  from  the  receiver  is  processed  by  a phase  lock  loop  to 
extract  data  and  clock  for  decoding  of  the  bits.  A double  scan  pulse  train 
is  compared  to  assure  that  each  of  the  two  scans  contains  the  exact  same 


j 


bit  pattern  before  data  is  released. 

The  system  uses  a 16  bit  pattern  with  the  high  order  6 bits  used 
address  recognition  so  that  more  than  one  decoder  may  be  in  operation 
out  interference  of  the  command  functions.  The  low  order  10  bits  are 
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decoded  into  discrete  and/or  data  word  functions.  Wien  a discrete  conmand 


The  main  control  unit  which  has  dimensions  of  5 x 5 x 2.5  inches,  con- 
tains the  format  control,  bit  rate  generators,  analog  '.o  digital  converter 
(ADC),  serial  output  code  convertor,  parity  generator,  and  IK)  to  DC  power 
supply.  The  ADC  is  a 10  bit  converter  with  a full  scale  input  of  5.115 

volts,  however,  the  number  of  bits  transmitted  may  be  selected  from  6 to  11 

with  the  11th  bit  as  parity  only  or  by  dropping  the  least  bit  from  the  con- 
verter. The  unit  is  compatiable  with  IR1C  106-71  PCM  telemetry  standards. 

Add  on  multiplexers  are  used  for  the  analog  or  digital  inputs  with  a 
physical  dimension  of  5 x 2.5  x .5  inches  for  each.  Multiplexers  may  be 
added  as  required  with  a limit  of  8 each  of  analog  or  digital.  The  digital 

multiplexer  have  4 words  of  10  bits  each  (total  of  40  bits)  per  unit  so 

that  up  to  32  ten  bits  inputs  may  be  used.  Each  of  the  analog  multiplexers 
have  16  single  ended  or  8 differential  inputs  or  any  combination  of  single 
ended  and  differential  inputs. 

The  full  systems  weight  is  4.85  lbs  with  a volume  of  156.3  cubic  inches. 

A maximum  power  input  of  3 watts  is  required  when  all  multiplexers  are  used. 

9.  ALTITUDE  SENSOR 

The  sensor  used  to  measure  pressure  altitude  is  of  the  variable  capac- 
itance type.  In  this  device  one  of  the?  capacitor  plates  is  held  at  a vacuum 
reference  while  the  other  is  exposed  to  the  ambient  pressure.  The  capacitance 
is  used  to  control  the  frequency  of  an  oscillator  with  the  output  applied  to 
a frequency  to  voltage  converter  which  provides  a 0 to  5 volt  D level  ever 
the  sensor  pressure  range.  This  DC  voltage  then  is  input  to  a subcarrier 
oscillator  and/or  the  PCM  data  encoder. 

Three  different  sensors  are  used  in  order  to  maintain  a good  overall 
resolution  from  sea  level  to  about  .5  millibars.  These  ranges  are  from  1015 
Mbs  (millibars)  to  70  Mb's,  70  Mb's  to  7 Mb's  and  7 Mb's  to  .5  Mb's.  A cal- 
ibration in  millibars  is  made  before  each  flight  to  assure  the  best  accuracy. 
For  convenience  of  reporting  altitude  to  FAA,  a standard  atmosphere  table 
is  used  to  convert  to  thousands  of  feet.  An  altitude  variation  of  less  than 
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50  feet  can  be  detected  while  the  overall  accuracy  of  the  system  Is  on  the 
order  of  200  feet  at  a pressure  altitude  of  7 Mbs  or  less. 

10.  OTIIKK  SI  1*1*0 KT  I Ol  IPMKNT 

The  barocoder  high  frequency  (HF)  beacon  is  no  longer  used  however,  a 
Hi'  Beeper  Beacon  is  flown  as  a back-up  tracking  signal  lor  the  aircraft. 

A radiosonde  transmitter  is  also  flown  for  back-up  tracking  information. 
The  accuracy  is  very  poor  for  elevation  angles  of  less  than  5°.  About  the 
same  accuracy  can  be  obtained  with  the  "L-Band"  telemetry  dish. 

A si  lead  battery  pack  is  used  for  system  power.  The  total  system 
current  drain  is  on  the  order  of  800  milliamps  at  30  volts  so  that  either 
20  or  40  amp  hour  cells  are  used  depending  on  flight  requirements.  There 
is  28  cells  used  for  a weight  of  30  lbs  for  the  20  AH  and  50  lbs  for  a 40 
AH  pack. 

The  telemetry  transmitter  is  a space  rated  commercial  unit  operating 
in  the  "L-Bmd"  range  of  1400-1500  Mhz.  Power  input  is  about  12  watts  with 
an  output  of  between  2-3  watts.  Reliable  signals  can  be  received  at  350 
miles  or  greater. 

11.  GROl  M)  STATION 

The  ground  support  equipment  is  maintained  to  provide  quick  look  data, 
command  control  and  recording  of  scientific  data  for  later  analysis.  Only 
a minimum  is  used  by  the  NSBF  for  safe  control,  tracking  and  recovery  of  the 
payload  by  the  NSBF.  Some  groups  provide  their  own  telemetry  but  most  have 
only  the  necessary  peripheral  equipment  to  control  their  instrument.  Diagram 
2 indicates  the  interconnections. 

12.  OMKGA  TRACKING 

The  Omega  signal  is  separated  from  the  telemetry  by  applying  the  re- 
ceived FM/FM  video  signal  to  an  Omega  receiver/ processor . The  lane  informa- 
tion is  digitized  by  the  processor  and  used  in  a desk  top  calculator  for  cal- 
culation of  the  balloon  position.  The  data  is  printed  out  for  use.  of  track- 
ing personnel  in  plotting  the  payload  position  on  aerial  navigation  charts. 
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Calculations  are  in  degrees,  minutes  and  tenths  of  minutes  of  latitude  and 
longitude.  The  output  also  includes  a speed  and  direction  to  assist  in  pre- 
dicting a possible  impact  point  or  dispatching  the  tracking  aircraft.  The 
latitude  and  longitude  is  read  into  the  computer  for  inclusion  on  the  digital 
data  tap*.  The  Omega  System  as  used  at  the  NSBF  will  give  position  accuracy 
of  2 miles  or  less.  The  range  is  that  of  the  telemetry  receiving  distance 
including  the  down  range  station  (up  to  800  miles). 

13.  COMMAND  ENCODER 

The  command  encoder  is  conveniently  mounted  in  the  telemetry  rack  for 
the  scientist's  use.  Front  panel  octal  thumb  wheel  switches  are  used  to 
select  the  discrete  functions  data  word  or  remote  control  and  16  toggle 
switches  for  the  16  bit  data  word.  Two  series  connected,  physically  sep- 
arated momentary  switches  are  used  to  key  the  transmitter  and  send  the  pulse 
coded  FSK  tone  with  the  command  information. 

There  is  also  a rear  mounted  interface  connector  for  an  input  from  a 
remote  source  such  as  a computer  or  other  device.  At  this  time  there  hns 
never  been  an  interface  made  to  a computer,  however  all  of  the  signal  lines 
necessary  for  such  an  interface  are  available.  Future  plans  are  to  make  this 
control  available  through  our  computer 

14.  TELEMETRY  SIGNAL 

The  radio  frequency  signal  is  received  through  a dish  type  antenna  and 
a 25  db  gain  pre-amplifier  which  feeds  a 35  foot  coax  transmission  cable  to 
the  receiver.  The  video  signal,  after  being  demodulated  by  the  receiver  is 
input  to  the  sub-carrier  discriminators  with  their  output  displayed  by  what- 
ever n-uns  is  required  to  obtain  the  data  that  are  applied  at  the  payload. 
Normally  this  would  be  on  strip  charts  or  the  PCM  data  decommutator . The 
video  signal  may  also  be  recorded  on  analog  magnetic  tape  for  replay  at 


13.  PCM  DATA  DI-COMMUTATOR 


The  PCM  data  decomm  can  handle  any  IRIG  format  or  data  code.  There 
m»y  be  some  difficulty  with  signals  that  are  outside  the  IRIG  standards. 

The  decomm  is  made  up  of  a bit,  frame  and  subframe  synchronizers.  An 
interface  is  made  with  the  computer  so  that  a digital  data  tape  may  be  made. 
The  serial  bit  stream,  after  being  re-shaped,  is  output  for  recording  on 
an  analog  recorder  as  a back-up  or  other  purpose. 

There  are  digital  to  analog  converters  (DAC)  so  that  data  may  be  dis- 
played on  strip  charts,  oscilloscopes  or  voltmeters.  In  addition  binary 
and  digital  displays  are  available  for  quick  look  references. 

16.  COMPUTER 

A mini-computer  is  used  to  record  the  PCM  data  on  digital  taps  using 
an  IBM  standard  format.  At  present  these  are  7 track  recorders  but  will  be 
converted  to  a standard  9 track  within  the  next  three  months. 

The  computer  is  a 16  bit  machine  with  a 24  kilo  word  core  memory.  Pe- 
ripherals are  a 1.2  megaword  cartridge  type  disk,  high  speed  paper  tape 
reader/ punch , two  tape  decks,  a 30  character  per  second  printer/keyboard  and 
interface  to  the  PCM  data  system.  Disk  software  includes  disk  operating 
system  (DOS)  a fortran  1 ibrary/ compiler,  text  editor,  linker  and  machine 
language  assembler. 

Although  the  prime  purpose  of  the  computer  is  for  recording  ditigal 
data  tapes  for  later  processing, some  software  for  realtime  readouts  are 
available.  The  time  required  for  software  development  is  such  that  real- 
time outputs  must  be  limited  to  a "Standard"  program  which  can  bo  modified 
to  provide  print  out  of  engineering  units  for  flight  control. 

The  user  of  the  facility  rmy  develop  his  own  software  for  flight  support 
The  programs  should  bo  written  and  debugged  before  arrival  at  Pale-tin* 
as  the  time  for  such  development  may  not  be  available  with  our  machines. 

A programmer  is  employed  for  miking  minor  changes  to  our  st an  lard  software 
pjekage  anl  to  assist  those  who  would  like  to  develop  their  own.  Due  to 
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the  heavy  use  of  the  computer  there  is  not  time  to  do  off  line  data  analysis. 

IT.  O I III  l<  (.KOI  M>  SI  PPOKT 


In  idd  it  ion  to  the  equip. nont  necessary  to  transfer  data  from  the  bal- 
loon to  • ground  storage  madia  there  are  other  equipment  available  for 
flight  support.  The*;-  include  strip  chart  recorders,  timing  receivers  such 
as  WW  and  he  ran  ml  J K l G "B"  li;;-  Coda  (Inorators. 

A wide  varity  of  test  equipment  is  available  at  the  Facility  which 
may  be  used  on  a short  term  loan,  however,  this  equipment  is  normally 
needed  for  maintenance  of  the  ; ipparl.  equip  *n»  . Therefore,  the  scientific 
groups  should  bring  any  test  equipment  that  they  w ?y  need. 

18.  DOWN  K\N(.l 

A trailer  is  spotted  in  a down-range  location  which  will  extend  the 
telemetry  and  control  distance  to  about  800  miles.  This  station  contains 
all  of  the  support  equipment  as  the  main  station  at  Palestine  except  for 
a computer.  This  includes  command,  PCM  data,  time  code  generator,  omega 
tracking  and  recorders. 

Digital  PCM  signals  that  are  recorded  must  he  returned  to  Palestine 
for  playback  through  the  computer  in  order  to  be  digitized.  Tapes  made  in 
this  way  will  not  contain  position  information  as  part  of  the  recorded 


form  it . 

19.  HI  IRK 

There  is  a continual  effort  being  mile  to  improve  the  electronics 
support  offered  the  scientist.  Future  plans  are  to  up-date  the  data 
system  both  ground  and  airborne,  to  reduce  the  instrument  package  weight, 
have  a telemetry  and  command  link  with  the  down-range  station  and  provide 
the  same  telemetry  data  support  at  any  launch  location.  Tn  the  past  two 

months  a ground  link  was  tested  with  the  downrange  station  at  Pecos,  Texas. 

4 

This  resulted  in  a bit  error  rate  of  about  l bit  in  10  bits.  Improvement 
cun  be  made  in  this  error  rate  by  improving  of  the  phone  line. 

As  ment lined  before  more  technical  details  may  be  obtained  by  contacting 
the  NIB1'.  lv • arc  a l way.*  interested  in  assist  .he  scientific  community  in 
lm,»ri  vi II.'  flu  reliability  of  their  data  or  exporiment. 
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5.  Current  Air  Force  Balloon  Test  Capabilities 

Bernard  B.  Burnett.  Major,  USAF 
Air  Force  Geophysics  Laboratory,  Det  1, 
Holloman  AFB,  New  Mexico 

* 

i 

Abstract 

\ 

The  Air  Force  continues  to  maintain  the  only  high-altitude  and  tethered  balloon 
test  facility  within  the  Department  of  Defense.  The  capability  to  conduct  unique  test 
programs  at  the  primary  site  at  Holloman  Air  Force  Base,  New  Mexico  and  at  other 
remote  locations  is  discussed.  Current  resources  and  capabilities  are  outlined  that 

, will  permit  systems  tests  to  be  conducted  or  will  improve  operational  capability. 

Examples  of  past  programs  completed  ar.d  present  activities  are  given. 
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6.  Transatlantic  Balloon  Flights -A  New  Opportunity 

R.E.  Baker,  A. L.  Brown,  D,  Ramsden,  and  J R.  Watkinson 
University  of  Southampton, 
Department  of  Physics 
Southampton,  England 


Abstract 


I he  onport unity  to  fly  scientific  experiments  on  long  duration  balloon  Bights 
” J not  he  lmnted  to  ,he  use  nf  Ihp  brief  winti  turn-round  periods  nor  to  the  use  of 
super-pressure  balloons.  Payloads  of  500  Kg  should  be  able  to  be  flown  routinely 

b(  r!r"l-s  of  about  live  lays  bv  using  the  newly  leveloped  Transatlantic  Balloon 

bit',  'leV'a  , ?r°nt,10na'  7Pr°  r>rpasuro  bal  loons  are  automatically  controlled  in 
Itttude  and  heir  location  is  determined  from  the  six  lines  of  position  derived  iron 
to  on-board  Omega  navigation  system.  Realtime  lata  at  100  bits 'see  is  t rans  - 
hr'  fore3.1 *"*  y"  Hl|  lmk  WhilSt  lata  SUPP lipfl  a*  the  rate  of  a few  kilobits  per  sec  can 
U’C’MI  at  all  i"3!'  th  reliability  was  achieved  with  an  UK  command  systen 
in  August  107  5 throu«hout  the  prototype  flight  from  Sicily  to  the  United  States 
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5.  Conclusions 


7.  Long  Duration  Balloons 


James  L,  Rand 
Texas  ASM  University 
College  Station,  Texas 


Abstract 

Increased  interest  by  the  scientific  community  in  long  duration,  high  alti- 
tuue  scientific  platforms  has  prompted  a variety  of  research  and  development  ef- 
forts on  both  ballasted  and  unballasted  balloon  systems.  The  design  feasib.lity 
of  these  large  systems  is  presented  and  incorporates  recent  results  in  both  mech- 
anical and  radiometric  characterization  of  candidate  balloon  films. 


I IVIKOm  CTION 


Scientific  experiments  at  high  altitudes  are  routinely  carried  aloft  by 
balloons  which  are  vented  to  the  atmosphere.  These  so-called  "zero  pressui. 
balloons  have  a proven  flight  record  of  reliability.  They  have  carried  over 
6600  pounds  aloft,  reached  altitudes  of  170,000  feet  and  have  been  manufactured 
in  volumes  exceeding  50  million  cubic  feet.  The  remarkable  success  of  these  bal- 
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loon,  has  mot  tin;  needs  of  most  scientists  to  date.  However,  there  has  been  an 
i'  n. i. In;  demand  by  users  to  remain  aloft  far  longer  periods  of  time  in  order 
to  natter  data  otherwise  unobtainable  or  to  reduce  the  cost  per  data  point.  Ti  i , 
has  been  accomplished  with  zero  pressure  balloons  through  the  efficient  use  of 
1 . • iterial  iowever,  if  the  time  aloft  desired  < xceeds  just  a few  days , ' 1 i 
approach  becomes  unacceptable  since  for  a given  balloon  the  increase  in  ballast  is 
at  the  expense  of  the  usable  payload.  Therefore,  alternatives  to  th  ■ lassical 
approach  to  loin]  duration  flight  have  been  suggested  over  the  ,-ar  ami  in  many 
cases  small  systems  have  actually  been  developed. 

The  >st  iirect  ipp roach  to  the  problem  of  gas  loss  at  sunrise  is  the  super- 
pressure  balloon.  This  system  will  float  at  a constant  density  altitude  if  the 
balloon  is  sealed  and  diurnal  temperature  and  pressure  changes  result  in  a ie 
in  stress  rather  than  volume.  Although  this  technology  was  applied  on  a large 
scale  by  Japan  during  World  War  II,  it  was  not  until  high  strength  thin  films 
were  developed  in  the  p"st  war  period  that  superpressure  balloons  wot  i.,ed  for 
scientific  purposes.  In  more  recent  years,  the  development  of  the  b i laminated 
polyester  fi In  nas  virtually  solved  the  problem  of  leakage  while  at  the  same  time 
adhesives,  sealing  teohnigues  and  handling  problems  have  bn  n olvd  ay  various 
balloon  manufacturers , luminators  and  film  suppliers.  As  a result,  relatively 
large  superpressure  balloon  systems  are  now  feasible  with  existing  unreinfoi  • • J 
materials. 

The  reliability  of  these  systems  will  be  improved  with  the  development  of 
cronger  and  more-  forgiving  films.  Munson  (1974)  lias  previously  reported  on  the 
s , t of  reinforcing  films  to  produce  a material  with  the  properties  engineered 
f a i i particular  application.  The  use  of  polyester  and  a rami d fibers  to  reinforce 
thin  fib  is  in  the  development  stage  and  ay  one  day  yield  a compo  i te  film  with 
uporior  properties  for  pressurized  balloons. 

• mother  approach  to  ’mproving  the  reliability  of  superpressure  balloons  is 
'lie  ipparted  film  concept.  This  approach  utilizes  a highly  deformable  material, 

. b as  polyethylene,  as  a gas  barrier  and  a relatively  stiff  network  of  lines  and 
f i.."  to  maintain  the  balloon  shape  under  pressure.  Inis  concept  is  in  the 
)•■■•■>.■  Inpment  stage  and  is  described  in  detail  by  Carlson  and  Nelson  in  another  paper 
to  be  presented  at  this  symposium. 

An  alternative  to  the  pure  superpressure  balloon  is  available  if  the  ox- 
p"i  iiniter  i able  to  tolerate  a modest  descent  at  night.  With  the  develoi  t t 
■t  ■ liable  fixed  volume  sy  terns,  such  as  the  superpressure  balloon,  the  Sky 
* . . 1 1 originally  conceived  by  the  National  Center  for  Atmosphor’ 


Research,  in  1%3,  now  appears  feasible.  This  system  consists  of  a standard 
zero  pressure  balloon  with  a tadem  super pres  sure  sphere.  As  the  system  exper- 
iences the  sunset  effect  and  begins  to  descend, the  sphere  will  provide  the 
necessary  ballasting  effect  by  increasing  its  lift.  However,  as  the  system  ex- 
periences sunrise  and  begins  to  increase  in  altitude,  the  sphere  will  lose  lift 
and  the  system  will  behave  as  though  ballast  has  been  added.  Unlike  the  conven- 
tional mass  expulsion  technique,  no  gas  will  be  lost  at  sunrise  if  the  system 
returns  to  its  original  configuration. 

Therefore,  both  the  superpressure  sphere  and  the  Sky  Anchor  concept  provide 
passive  systems  which  will  permit  experimenters  to  remain  aloft  for  long  periods 
of  time.  Each  system  has  its  own  characteristic  advantages  and  disadvantages 
which  will  be  described. 


2.  SI  I’KKI’KKSSl  UK  HU.I.OONS 

The  fact  that  superpressure  balloons  will  float  at  a constant  tensity  al- 
titude has  been  demonstrated  many  times.  Mikesh  (1975)  recently  described  the 
technology  developed  by  Japan  during  World  War  II.  The  University  of  Minnesota 
(1953)  not  only  documented  the  state  of  the  art  but  actually  flew  pressurized 
cylinders  made  of  Mylar.  The  Air  Force  Cambridge  Research  Laboratory  did  ex- 
tensive research  on  this  system  and  successfully  flew  two  34  foot  diameter  spheres 
for  over  nine  days.  As  part  of  this  program  Grass  (1962)  reported  the  first 
successful  use  of  a laminated  Mylar  film  in  a superpressure  balloon  application. 
The  first  large  scale  application  of  the  modern  superpressure  balloon  was  by 
Lally  (1967)  in  the  GHOST  program.  In  the  past  ten  years,  hundreds  of  these 
balloons  have  been  flown  with  diameters  up  to  72  feet  and  altitudes  exceeding 
100,000  feet.  The  longest  reported  flight  was  351  days  at  an  altitude  of  200 
mb.  In  addition,  a wealth  of  flight  data  and  experience  has  been  collected  and 
documented  by  Lally  as  well  as  Frykman  (1974)  and  others.  Since  1972  the  National 
Scientific  Balloon  Facility  has  successfully  flown  superpressure  spheres  with  di- 
ameters of  110  and  127  feet  for  brief  periods  of  time.  However,  attempts  to  fly 
nominal  200  foot  diameter  balloons  have  been  frustrated  by  a series  of  i.r'h,. 
at  altitude  of  unknown  origin.  A variety  of  studies  have  been  performed  at  lexas 
AWI  University  in  the  past  two  years  in  an  attempt  to  identify  the  possible 
causes  of  failure  and  develop  the  necessary  design  changes  for  the  successful 
flight  of  larger  superpressure  balloons. 
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2.1  Stress  \iulysis 


One  problem  that  has  appeared  over  the  years  is  the  apparent  discrepancy  be- 
tween laboratory  measured  material  properties,  such  as  yield  tress  and  ultimate 
stress  and  balloon  failures  which  occur  at  stresses  much  lower  than  the  quoted 
material  strength.  In  addition,  there  has  always  been  a lack  of  correlation  be- 
tween laboratory  measured  uniaxial  and  biaxial  data.  Various  testing  techniques 
have  been  developed  for  obtaining  stress  and  strain  information  such  as  the  cruci- 
form test,  the  racetrack  tester  and  the  circular  diaphragm.  An  in-depth  study 
of  the  diaphragm  tester  has  been  completed  at  Texas  A&M  University.  As  suspected, 
it  was  found  that  the  stresses  in  the  meridional  and  circumferential  directions 
were  neither  predictable  from  an  assumed  spherical  shape  nor  were  they  constai, : . 
However,  it  was  noted  that  these  stresses  were  equal  at  the  center  of  the  diaphragm 
and  predictable  as  a function  of  bubble  heignt  and  independent  of  material 
properties.  Therefore,  a room  temperature  test  was  performed  using  a nominal  one 
mil  bilaminated  polyester  film  in  a five  inch  radius  diaphragm.  The  results  of 
this  test  are  presented  in  Figure  1 usinq  thj  two  different  data  reduction  pro- 
cedures. It  should  be  noted  there  is  a modest  increase  in  modulus  and  yield 
stress  while  the  ultimate  stress  is  increased  from  19,700  psi  to  27,400  psi. 

This  latter  value  is  more  in  line  with  measured  uniaxial  results  which  lends 
credulence  to  the  new  data  reduction  procedure. 

Small  spheres  such  as  those  used  in  the  GHOST  program  have  been  pressurized 
to  failure.  These  tests  have  indicated  that  failure  occurs  at  stress  levels  between 
14,000  psi  and  10,000  psi.  Similar  tests  with  other  small  spheres  have  indicated 
failures  at  13,000  psi.  These  numbers  are  more  in  line  with  the  yield  stress 
of  the  material  than  the  ultimate  stress  which  is  the  same  situation  that  exists 
in  zero  pressure  balloons.  Therefore,  the  allowable  design  stress  of  10,000 
psi  appears  to  be  an  acceptable  value  for  one  mil  bilaminated  polyester  film. 

Since  stress  levels  of  any  significance  in  excess  of  the  design  stress  will 
cause  poss’bly  uncontrolled  deformation  of  the  film,  great  care  must  be  exer-  i , T 
to  avoid  stress  concentrations  in  the  pressurized  skin.  One  possible  location 
of  a significant  concentration  of  stress  is  the  point  of  attachment  of  the  sus- 
pension harness  to  the  balloon  wall.  The  load  in  each  line  is  transferred  to  the 
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balloon  skin  through  a patch  which  has  been  redesigned  to  di'-pet  >e  load  into 
the  film  without  damage  to  the  film.  Rand  (1975)  has  developed  a computational 
scheme  to  evaluate  the  stresses  in  and  around  a patch  with  variable  geometry  and 
thickness.  Preliminary  results  of  this  program  were  reported  at  the  last  sympo- 
sium but  a refined  version  has  been  used  to  analyze  the  Modified  Bear  Paw  patch 
by  Raven,  Inc.  It  is  felt  that  this  new  design  will  not  damage  the  film  and 
stress  concentrations  must  be  identified  elsewhere  to  explain  the  most  recent  flight. 

Earlier  this  year  a 55  meter  superpressure  sphere  was  launched  hy  the  Nation- 
al Scientific  Balloon  Facility.  This  balloon  was  manufactured  from  a 1.25  nil 
bi laminated  polyester  film  with  2 mil  caps  at  each  pole.  The  balloon  carried  about 
400  pounds  of  ballast  in  addition  to  its  400  pound  payload  and  reached  an  alti- 
tude of  7.3  mb.  The  balloon  was  instrumented  with  both  gas  and  skin  temper. m ; 
sensors  as  well  as  a differential  pressure  gage.  As  ballast  was  dropped  to  achieve 
pressurization  the  balloon  wall  ruptured  at  a stress  level  of  6500  ps i . Since 
no  anomolies  were  noted  in  the  launch,  ascent  or  float  character! st i < r f this 
system,  other  areas  of  possible  design  errors  were  sought.  The  end  cap  region 
was  a suspected  area;  however,  after  a detailed  stress  analysis  of  the  region 
it  was  concluded  that  the  stress  was  less  than  2600  psi  at  the  lime  nf  failure. 

The  seal  region  between  the  gores  and  the  end  cap  was  analyzed  with  tne  same 
program  used  to  analyze  the  load  attachment  areas.  Again,  no  significant  stress 
concentrations  could  be  identified. 

Finally,  the  inflation  fitting,  pressure  tap,  and  other  balloon  wall  pen- 
etrations were  identified  as  possible  sources  of  stress  concentrations.  In  par- 
ticular, the  inflation  fitting  required  a 208  mm  diameter  hole  to  be  cut  in  the 
balloon  wall.  The  fitting  was  then  held  in  place  by  an  "0"  ring  seal  and  washer. 

The  hole  in  the  film  was  reinforced  with  a single  ply  of  film  305  mm  in  diameter. 

The  stresses  in  the  region  of  the  hole  were  analyzed  theoretically  with  a variety 
of  boundary  condition...  The  results  of  this  are  presented  in  Figure  2 and  in- 
dicate that  the  stress  is  amplified  by  almost  60$  in  the  circumferential  direction 
at  the  edge  of  the  hole  if  it  is  considered  to  be  a free  surface.  If  the  fitting 
were  bonded  to  the  film  the  amount  of  amplification  could  be  reduced  to  about 
30  and  if  the  reinforcement  were  properly  designed,  the  stress  concentration 
could  be  completely  eliminated.  The  results  of  this  analysis  are  very  dependent 
on  the  elastic  characterization  of  the  material  in  the  transverse  direction 
which  is  not  that  well  understood.  Therefore,  redesign  of  the  reinforcement  is  not 
as  likely  to  eliminate  the  problem  as  moving  the  fitting  to  a lower  stressed  region 
such  as  the  end  cap  and  bonding  it  in  place.  Subsequently,  laboratory  tests  of  the 
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fitting  in  a 55  inch  diaphragm  tester  confirmed  the  failure  of  this  penetration 
at  relatively  low  stress  levels. 


2.-  Design  Procedure 


The  design  of  a superpressure  balloon  is  dominated  by  the  strength  capability 
of  candidate  films  rather  than  the  modulus  of  the  film,  which  dictah  \ the  altitude 
variations  caused  by  elastic  expansion  and  contraction.  It  will  be  assumed  that 
a film  with  a room  temperature  modulus  of  600,000  psi , such  as  polyester  film,  will 
provide  the  necessary  altitude  stability  for  the  experimenter.  Assuming  an 
allowable  stress  of  10,000  psi  for  this  film  and  a minimum  thickness  of  one  nil, 
it  is  a simple  matter  to  develop  a set  of  design  charts  if  the  maximum  and  minimum 
pressure  differential  across  the  gas  barrier  can  be  determined  for  t*  • 1 ife  of 
the  balloon.  In  the  past,  this  has  been  done  by  Grass  (1962)  and  Lally  (1967) 
and  others  by  assuming  that 

f =fMHf)f 

amb  amb 

where  f is  the  free  lift  at  launch  based  on  total  system  lift  and  aT/T  is  the 
ratio  of  "supertemperature"  to  ambient  temperature.  Various  temperature  ratios 
were  then  selected  on  the  basis  of  experience  to  compute  the  design  pressure  change. 
Although  theoretically  correct,  the  heat  transfer  mechanism  is  assumed  to  become 
radiation  dominated  above  the  tropopause  making  temperature  ratios  obtained  through 
experience  at  lower  altitudes  of  little  use.  However,  experience  gained  with  the 
GHOST  balloons  indicates  that  a polyester  balloon  must  not  be  permitted  to  go 
slack  at  night  since  failure  will  occur  within  the  next  few  days.  Therefore,  not 
only  must  the  stress  not  exceed  the  material's  allowable  stress,  but  the  pressure 
must  not  fall  below  ambient  pressure  on  even  the  coldest  night  even  though  the 
balloon  would  stabilize  at  a lower  altitude. 

A thermal  model  has  been  developed  for  design  purposes  to  predict  the  temp- 
erature extremes  that  might  be  expected.  In  this  model  the  shape  is  assumed  to  be 
spherical  and  only  the  steady  state  temperatire  is  computed.  The  lifting  gas 
is  assumeij  to  be  transparent  to  radiation  and  is  heated  or  cooled  only  hv  on 
vection  and  conduction  from  the  film.  In  addition,  above  the  tropopause  the  black 
ball  temperature  is  assumed  to  be  independent  of  altitude,  based  on  these  assump- 
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Ihe  coldest  temperature  on  a cloudy  night  will  be 

T 4 = 1.428  x I09  * 1^43975x10! 
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where  < and  are  the  absorptivi ties  in  the  solar  and  infrared  spectra  respectively. 
Our  best  current  estimates  of  these  radiometric  properties  for  clear  polyester 
film  are : 


X = .12  — .6  u/r.  = .2 

The  laboratory  measurement  of  is  relatively  precise  compared  to  the  i-asure;  • n 1 
of  t.  Although  lower  effective  values  of  a have  been  reported  their  accuracy  is 
questionable  and  the  higher  values  are  considered  conservative  for  design  purposes. 

Obviously,  these  equations  will  predict  only  one  temperature  for  the  da/ 
and  another  for  the  night  at  a particular  altitude.  In  fact,  the  influence 
of  ambient  temperature  on  the  temperature  at  night  is  very  weak.  Therefore,  it 
has  been  assumed  that  all  polyester  superpressure  balloons  will  operate  between 
248”K  ( -25°C ) and  194°K  (-79°C)  regardless  of  size  and  altitude  so  long  as  it  re- 
mains above  the  tropopause. 

During  the  last  55  meter  superpressure  balloon  flight,  temperature  measure- 
ments were  made  at  nine  different  locations  in  the  gas  and  on  the  skin.  These 
measurements  were  stable  and  are  shown  on  Figure  3.  These  values  were  obtained 
at  10:39  am  just  prior  to  failure  of  the  balloon  at  an  altitude  where  the  measured 
ambient  temperature  was  -28.5°C.  It  should  be  noted  that  the  bottom  of  the  ha|:  i.-n 
was  approximately  20°  warmer  than  the  top  of  the  balloon  and  the  equatorial  skin 
temperature  was  a function  of  sun  position.  Although  the  average  temperature  is 
as  predicted,  there  is  no  acceptable  thermal  model  at  the  present  time  which  will 
predict  these  observed  temperature  differences. 

Based  on  the  temperature  model  previously  described,  and  various  estimates 
of  manufactured  balloon  weight,  a series  of  oalloon  designs  have  been  generated 
for  those  payloads  and  altitudes  of  current  interest  to  scientists.  The  results 
shown  in  Figure  4 indicate  the  size  of  a superpressure  sphere  which  will  be  nec- 
essary to  maintain  pressure  at  night  and  not  overstress  the  film  during  the  day.  In 
order  to  achieve  the  current  goal  of  NSBF,  590  pounds  of  payload  at  120,000 
feet,  a balloon  <~r  at  least  a 110  foot  radius  will  be  required.  It  should  be 
pointed  out  that  these  curves  are  intended  for  feasibility  studies  only.  14o  rffe  i 
of  creep,  altitude  stability,  or  ultraviolet  exposure  have  been  taken  ini'- 
account.  These  are  effects  which  will  influence  the  time  aloft  nlv  after  launc'i, 
ascent,  and  pressurization  problems  have  been  solved.  Another  area  of  intere  : 
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developed  in  this  study  pertains  to  tiie  amount  of  free  lift  required  at  launch. 
These  designs  require  a precise  amount  of  gas  to  operate  between  the  suggested 
design  limits.  If  this  amount  is  reduced,  the  system  may  go  slack  at  night  arid 
subsequently  fail.  If  this  amount  is  exceeded,  the  system  may  overpressurize 
during  the  day  and  fail.  These  problems  can  be  easily  prevented  by  requiring  the 
balloon  to  operate  between  different  stress  levels;  however,  the  designs  presented 
in  Figure  4 represent  the  smallest  systems  with  the  least  altitude  stability  which 
are  possible  with  unreinforced,  unsupported  polyester  films  available  today. 


:i.  ski  ANCHOR 

Various  air  ballast  systems  have  been  devised  over  the  years,  many  requiring 
a variety  of  motors,  blowers,  winches,  ducts  and  high  pressure  containers  which 
are  used  to  counter  the  effects  of  sunset  and  the  subsequent  loss  of  gas  from  a 
zero  pressure  balloon  if  the  suspended  payload  is  changed.  Due  to  the  need  for 
power  on  these  systems  and  the  requirement  to  remain  aloft  for  an  indefinite  period 
of  time,  a passive  system  is  very  attractive.  The  survey  of  these  various  techniques 
by  Davidson  (1967)  contains  a wealth  of  information  on  the  performance  of  these 
various  systems.  The  Sky  Anchor  concept  has  been  credited  to  NCAR  (1963)  but  j . 
only  briefly  described  in  that  report.  The  Air  Force  Cambridge  Research  Laboratory 
sponsored  the  development  and  testing  of  Sky  Anchor  which  was  reported  by 
Davidson  (1968).  Two  systems  were  designed,  manufactured,  and  flown  from  Chico 
Municipal  Airport,  California.  The  first  flight  overpressuri zed  because  of  ex- 
cessive free  lift  at  launch  and  failed,  while  the  second  attempt  developed  a leak 
during  ascent  and  failed  to  fully  pressurize.  However,  interest  has  recently  been 
revived  in  this  system  and  the  National  Scientific  Balloon  Facility  will  attempt 
to  fly  the  first  Sky  Anchor  above  the  tropopause  in  the  near  future. 

The  Sky  Anchor  system  is  a superpressure  balloon  carried  aloft  by  a zero 
pressure  main  balloon  to  its  operational  altitude  during  the  day  as  shown  in 
Figure  5.  When  sunset  occurs  the  entire  system  descends  to  a new  equilibrium 
altitude  where  the  increase  in  lift  on  the  superpressure  balloon  just  equals  the 
sunset  effect  on  the  main  balloon.  Although  its  volume  is  decreased,  no  ga  ■ 
lost  from  the  main  balloon.  At  sunrise,  the  main  balloon  will  expand  and  the  system 
will  rise.  In  so  doing  the  superpressure  balloon  will  lose  the  lift  that  it 
gained  at  sunset  and  the  system  should  stabilize  at  the  same  altitude  as  the 
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proceeding  day.  Since  there  is  no  change  in  suspended  weight  on  the  main  balloon, 
it  should  not  overshoot  and  again  there  will  be  no  loss  of  gas.  As  in  the  pure 
superpressure  system,  the  flight  duration  will  be  limited  only  by  creep,  gas 
diffusion  and  ultraviolet  degradation  assuming  there  are  no  leaks. 

A design  feasibility  program  has  been  developed  for  this  system  utilizing 
the  same  design  equations  previously  developed  for  the  superpressure  feasibility 
proqram.  In  order  to  do  this  a simplified  zero  pressure  design  program  was  devel- 
oped to  give  reasonable  estimates  of  the  main  balloon's  weigh!  and  lifting  capabil- 
ities. The  results  of  this  program  are  presented  in  Figure  6 tor  altitude  ex- 
cursions of  one  and  two  millibars.  Although  these  ballast  spheres  are  sized  to 
operate  over  the  entire  10,000  psi  stress  range,  the  ballast  effect  produced  i the 
entire  amount  required  to  maintain  constant  altitude.  The  designs  are  somewhat 
conservative  since  the  system  will  not  fully  depressurize  at  night  and  the  altitude 
excursion  will  not  be  as  great  as  indicated.  It  should  Op  noted  that  the  size  of 
ballast  sphere  required  for  a daytime  float  at  120,000  feet  and  a 2 i excursion 
at  night  is  already  within  the  state  of  the  art.  The  size  of  the  zero  pressuu 
main  balloon  for  these  flights  is  presented  in  Figure  7.  It  should  be  noted  that 
for  operations  up  to  140,000  feet,  these  balloons  are  also  within  the  state  of  the 
art. 


11.1  Stress  Analysis 

Since  the  superpressure  sphere  to  be  used  in  the  Sky  Anchor  system  is  neg- 
atively bouyant,  the  ballast  hopper  must  be  flown  underneath  the  ballast  balloon. 
This  ballast  is  required  on  the  first  day  to  gradually  pressurize  the  system. 
Unfortunately,  this  creates  a stress  concentration  not  previously  encountered 
in  superpressure  balloons.  This  double  harness  arrangement  has  been  analyzed  for 
the  first  of  three  proposed  Sky  Anchor  flights.  The  results  of  this  analysis  are 
presented  in  Figure  8 for  various  values  of  ballast.  The  assumptions  made  in  this 
analysis  are  identical  to  those  used  by  Smalley  (1975)  in  developing  the  equations 
for  the  influence  of  a single  harness  and  will  not  be  repeated  hero.  It  may  be 
noted  that  as  ballast  is  dropped,  the  discontinuity  in  stress  decrease  .if  ' ■■■ 
attachment  points  while  the  much  larger  stresses  due  to  pressurization  gradual), 
increase.  In  this  case  there  would  be  75  pounds  of  ballast  remaining  when  the 
ballast  sphere  was  fully  pressurized. 
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The  long  duration  fliqht  of  heavy  payloads  at  high  altitudes  appears  feasible 
by  either  superpressure  balloon  or  passive  air  ballast  techniques.  The  altitude 
stability  of  the  superpressure  balloon  is  quite  qood  and  dependent  only  on  tne 
strain  in  the  film.  Detailed  analyses  such  as  that  published  by  Levanon . et  al 
(1174  and  1976)  on  the  behavior  of  superpressure  balloons  have  already  begun  tc 
appear  in  the  literature.  Desiqn  and  manufacturing  difficult  i.-  associated 
with  large  balloons  are  being  solved.  Operational  problems  associat  I with  launch, 
ascent  and  pressurization  of  these  large  balloons  are  being  solved. 

If  the  experimenter  can  tolerate  some  change  in  altitude  to  compensate  fr  r 
the  sunset  effect,  the  Sky  Anchor  concept  appears  to  offer  a reasonable  alternative. 
However,  although  both  the  main  balloon  and  ballast  sphere  are  well  within  the 
current  state  of  the  art.  the  concept  has  not  yet  been  successfully  demonstrated. 
Therefore,  the  National  Scientific  Balloon  Facility  plans  to  demonstrate  this 
concept  in  the  northern  hemisphere  during  spring  turnaround.  The  system  will 
consist  of  a 4 MCF  zero  pressure  main  balloon  ballasted  by  a 1.75  MCF  super- 
pressure sphere.  It  will  carry  a 500  pound  payload  to  120. feet  .ith  a one 

millibar  excursion  at  night. 

In  addition,  NSBF  will  continue  to  develop  the  large  superpressure  balloon 
and  refine  the  operational  techniques  necessary  for  a successful  launch,  ascent, 
and  pressurization. 


1.  CONCl.l  SIONS 

It  is  concluded  that  both  the  superpressure  balloon  and  Sky  Anchor  concept 
are  feasible  systems  to  provide  long  duration  flights  of  heavy  payloads  at  high 
altitudes.  Each  system  has  notably  different  advantages  and  disadvantages.  Hope 
fully,  it  will  be  possible  to  turn  our  attention  to  the  problem  of  increased  life 
rather  than  the  problems  of  birth  and  growing  pains  of  these  systems. 
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Abstract 


A quantitative  measure  of  the  qualitative  or  subjective  fabric  characteristic 
"handle"  is  postulated  and  then  formulated  analytically.  A range  of  traditional  and 
developmental  materials  of  aerospace  interest  are  tested  and  characterized  quantita- 
tively in  light  of  their  defined  and  measured  Handle  moduli. 
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Summary 

The  "Handle"  characteristic  is  vital  to  the  acceptance  or  rejection  of  new 
materials  showing  superior  strength  and  durability  but  otherwise  undesirably 
"boardy."  To  better  define  Handle  criteria  and  establish  relative  development 
bounds  and  goals,  a quantitative  measure  of  handle  is  thought  needed.  Handle 
related  numerical  quantities  are  measured  by  extracting  specimens  of  flexible  mate- 
rials through  a test  orifice  and  tin  force-displacement  data  are  processed  to  yield 
a quantity  termed  Handle  modulus.  This  factor  is  shown  to  be  independent  of  the 


A, 


scale  of  tjie  test  and  is  considered  germane  to  the  material  handle  for  geometrically 
similar  orifices  and  like  coefficients  of  frictions.  The  analytical  basis  of  the 
method  is  derived  and  shows  the  interrelationships  and  independences  of  parameters. 

Corrections  for  different  nozzle  geometries  and  variations  in  coefficients  of 
frictions  are  shown  possible  from  the  analytical  result Test  data  are  documented 
on  a range  of  known  materials  and  on  a number  of  Kevlar  iased  research  materials. 
Some  speculations  are  made  in  regard  to  characterization  of  materials  in  terms  of 
their  Handle  moduli  and  their  suitability  for  repackageable,  packageable,  and  non- 
paokageable  appl icat ions. 


Considerable  national  and  international  interest  exists  in  the  development  and 
acquisition  of  flexible  materials  that  can  be  used  for  structural  purposes.  One 
area  of  particular  activity  in  flexible  materials  has  been  the  research,  development 
and  application  of  materials  for  balloons  (aerostats),  dirigibles,  decelerators , and 
inflatable  aerospace  devices.  Unfortunately,  in  general,  developments  that  have  led 
to  increased  strength  to  weight  characteristics  have  shown  detrimental  losses  in 
drapability,  flexibility,  compressibility,  foldability,  plyability,  and  so  forth. 
These  properties  are  best  defined  by  the  textile  term  "handle."  Ciood  "handle"  is 
the  subjective  or  qualitative  characteristic  given  to  the  feel  of  materials  such  as 
silks.  Nylons,  bias  materials,  and  so  forth.  Poor  "handle"  would  relate  to  stiff, 
crisp,  boardy,  or  semirigid  materials.  Recent  research  to  incrco  ^ the  strength  of 
traditional  flexible  materials  by  using  Kevlar  yarns  in  place  of  Nylon  or  Dacron 
have  resulted  in  increased  strength  but  with  decreased  "handle."  This  was  very  much 
the  case  in  regard  to  Kevlar  material  developments  reported  by  Niccum  et  al.  (1976). 
A prime  objective  of  the  research  documented  by  Rueter  and  Munson  (1976)  was  to 
improve  on  the  "handle"  of  materials  reported  in  the  preceding  paper. 

The  referenced  ASTM  Specifications  D-1388  (1975)  for  testing  textiles,  yarns, 
and  fabrics  provides  little  guidance  on  handle  testing.  However,  two  tests  directed 
at  material  stiffness  are  thought  relative.  A cantilever  beam  bending  test  and  a 
loop  distortion  test  are  defined.  These  tests  are  measures  of  the  interaction 
between  fabric  weight  and  fabric  stiffness  and  give  quantitative  measures  of  how 
the  fabric  beam  deflects  under  its  own  weight,  or  how  the  fabric  loop  elongates 
under  gravity. 

In  the  referenced  Encyclopedia  of  Polymer  Science  and  Technology  (Vol.  15), 
it  is  acknowledged  that  handle  is  usually  assessed  by  touch  and  vision  and  thus 
assigned  a quality  number.  However,  it  is  noted  that  the  quality  judgment  is 
dependent  on  geometric  and  mechanical  features  that  could  be  judged  more  objectively 
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such  as  crimp  frequency,  crimp  form,  fiber  diameter,  and  helical  form.  In  addition, 
photochemical  degradation  of  the  tips  of  the  fibers  due  t<  aging  and  weathering  also 
are  reflected  in  handle. 

Morton  and  Hearle  (1962)  consider  stiffness  as  important  to  handle.  They  con- 
clude that  for  a yarn  of  given  count  or  a fabric  of  given  weight  per  unit  area  made 
from  a given  type  of  raw  material,  the  resistance  to  bending  diminishes  as  the  fine- 
ness of  the  fiber  increases.  Fiber  fineness  is  thus  an  important  factor  in  deter- 
mining the  stiffness  of  a fabric,  or  alternatively,  its  softness  of  handle  and  its 
draping  quality. 

Boworth  and  Oliver  (1958)  report  on  a subjective-objective  evaluation  of  fabric 
handle.  Multiple  samples  were  judged  by  a group  of  people  and  the  various  handle 
characteristics  were  given  rank  scores.  This  subjective  sampling  was  augmented  by 
the  usual  laboratory  tests  of  smoothness  as  measured  by  frictional  properties, 
weight,  thickness,  stiffness  as  measured  by  the  ASTM  bending  tests,  flexural 
rigidity  and  bending  modulus,  hardness,  and  cover  factor. 

Hearle,  Grosberg,  and  Backer  (Interscience,  Vol.  1)  go  to  considerable  depth 
t«'  analyze  shear  and  drape  of  fabrics.  Perhaps  most  similar  to  the  measurement 
process  proposed  in  the  subject  paper  are  the  objective  measurements  of  drape  dis- 
cussed in  the  reference.  The  Drapemeter  described  by  Chu  et  al.  (1950)  is  con- 
sidered by  Hearle  as  the  apparatus  generally  adopted  for  objective  laboratory  study 
of  drape.  Whereas,  the  Drapemeter  functions  from  the  gravity  produced  conical 
draping  or  deformation  of  a circular  fabric  specimen,  the  proposed  method  of  this 
report  forces  the  conical  deformation  by  a conical  press  (nozzle).  The  numerical 
results  are  not  readily  correlated.  The  findings  of  Hearle  et  al.  that  for  garment 
applications  the  drapemeter  measure  is  a reliable  indication  of  drape  and  handle, 
to  the  extent  that  drape  is  a ‘^andle  factor.  The  drapemeter,  however,  does  not 
necessarily  show  a dependable  positive  correlation  with  subjective  measures  as 
regarding  preferred  drape.  The  preference  is  dependent  upon  periodic  style  fads 
and  also  the  age  group  involved.  This  would  suggest  that  a good  handle  measure 
would  be  useful  for  selection  of  material  types  that  would  become  preferred  as 
future  styles  are  seen  to  be  in  evolution. 

In  reviewing  the  related  works  of  Hearle  et  al . (Interscience,  Vol.  1),  the 
major  factors  involved  in  draping  are  shearing  to  allow  double  curvature,  tensile 
deformation,  and  some  compression.  Buckling  is  important  in  producing  the  form 
and  magnitude  of  drape  but  is  essentially  related  to  stiffness.  The  most  important 
parameters  in  obtaining  good  drape  and  perhaps  handle  are  fabric  bending  length  and 
fabric  shear  resistance.  In  heavy  coated  materials  and  laminates,  used  for  aero- 
space applications,  efforts  to  maintain  low  bias  stiffness  with  high  bias  strength 
might  be  a research  objective  for  obtaining  improved  handle. 

Also,  it  has  been  determined  by  Hearle,  Grosberg,  and  Backer  (Interscience, 

Vol.  1)  that  the  finish  treatment  applied  to  a fabric  can  have  a very  marked  effect 
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on  drape,  stiffness,  or  handle.  Such  treatments  include  scour  finishes,  thermo- 
plastic stiffeners,  resin  and  softeners,  calendering,  and  severe  and  mild  wash 
effects. 

The  foregoing  references  are  thought  indicative  of  the  current  status  of 
handle  assessment.  The  authors  of  this  paper  are  unaware  of  any  other  signifi- 
cantly different  approaches  to  objectively  define  those  subjective  and  aesthetic- 
characteristics  embodied  in  the  definition  of  handle. 

The  acceptance  of  flexible  materials  for  aerospace  application  and  uses 
involving  packaging  is  strongly  influenced  by  the  "handle"  characteristics.  Hence, 
it  is  thought  important  to  attempt  to  further  quantify  this  qualitative  feature, 
handle.  This  paper  documents  a concept  of  quantitative  evaluation  of  "handle," 
describes  the  test  apparatus  and  gives  comparative  results  for  a range  of  known 
materials  and  results  for  the  R&D  materials  produced  and  tested  for  the  more  con- 
ventional characteristics  and  recorded  by  Rueter  and  Munson  (1976).  Elements  of 
this  handle  investigation  were  supplied  by  the  G.  T.  Sheldahl  Co.  for  inclusion 
with  their  material  characterization.  Samples  of  the  research  materials  were 
supplied  the  NASA  Langley  Research  Center  by  the  Sheldahl  Co.  to  facilitate  this 
handle  assessment.  The  work  documented  by  Rueter  and  Munson  (1976)  was  under  a 
NASA  Contract  NAS1-12701,  from  joint  funds  of  the  NASA  and  the  ARPA.  The  impetus 
to  this  reported  effort  was  to  complete  the  characterization  of  the  developed  mate- 
rials in  the  area  of  "handle"  that  has  become  a vital  criterion  in  acceptance  and 
rejection  of  materials  that  are  otherwise  superior  in  strength  and  durability. 


2.  ANALYTICAL  BASE 

An  elementary  formulation  of  the  force  system  for  the  Handle  test  procedure 
is  provided  in  this  section  to  surface  the  important  parameters  and  develop  the 
form  of  the  Handle  equation  and  for  insight  into  evaluating  test  data. 


Minimum  nozzle  cross-sectional  area,  N/cm 

o 

Surface  area  of  annulus  section  in  nozzle  minimum,  N/cm" 

2 

Surface  area  of  conical  section  in  nozzle,  N/cm 

3 

Denotes  cubic  feet  per  minute  flow,  ft  /min 
Denotes  cubic  meters  per  minute  flow,  mVmin 
Differential  surface  area,  N/cm" 

Diameter  of  extraction  rod,  cm 
Extraction  force,  N 

2 

Surface  friction  force  per  unit  area,  N/cm" 

Extraction  distance  from  plane  of  minimum  nozzle  area,  cm 


r rr, .y*^  a ; * ■u*  ^ 


'i  Height  of  truncated  nozzle  cone,  cm 

N Dimensionless  number  characterizing  the  nozzle  geometry  and  frictional 
characteristic,  unitless 

Nj  That  part  of  N independent  of  friction,  unit  less 
N,  Proportionality  factor  for  friction  dependency  of  N,  unitless 

2 

p Local  surface  pressure  in  nozzle  produced  by  material  reactions,  N/rm 
P Packing  density,  volume  of  specimen  material  divided  by  volume  of  nozzle  for 
a differential  slice,  unitless 

P^  Packing  density  at  the  minimum  nozzle  area  (orifice),  unitless 

p A specified  value  of  p , unitless 
o,s  ro 

r Coordinate  of  nozzle  radius,  cm 

r Nozzle  radius  at  the  minimum,  cm 

o 

R Radius  of  annulus  at  nozzle  minimum,  cm 
s Coordinate  along  meridian  of  cone,  cm 

s.g.  Denotes  specific  gravity 

Sj  s coordinate  at  small  end  of  cone,  cm 

s,?  s coordinate  at  large  end  of  cone,  cm 

t Thickness  of  specimen,  cm 

► • ■ r . true  volume 

t Effective  thickness  of  specimen  = , cm 

*-  area 

tn  Nominal  thickness  of  specimen  measured  by  a micrometer  and  anvil  under 
pressure,  cm 

x Dummy  variable,  variable 

Surface  distance  from  origin  of  folded  circular  specimen  along  a meridian  to 
point  of  interest,  cm 

Z Radius  of  circular  test  specimen,  cm 
x Angular  coordinate  on  annulus,  radians 

B One-half  cone  included  angle,  radians 

Unit  weight  of  specimen  material,  N/m" 

Angular  coordinate  about  axis  of  symmetry,  radians 
Coefficient  of  friction,  unitless 
pm  Microns,  m x 10^ 

2.2  Derivations  of  I .({nations 

Figures  1(a)  and  1(b)  show  the  various  coordinate  systems  used  in  describing 
the  nozzle  extraction  problem.  A careful  inspection  of  these  figures  will  provide 
the  basis  for  stating  the  following  geometric  relationships. 

For  the  annulus:  0 <_  a £ 3 

dA  = rR  da  d0  (1 

r = r + R - R cos  a (? 


G] 


For  the  conical  region: 


1 


= 2 


dA  = r ds  do 

(3> 

r = s sin  3 

(4) 

, . r + R - R cos  6 

r(3)  o 

where  s=  . . 

I sin  fc  sin  3 

(5) 

Figure  1.  Coordinates  for  the  Annulus  and  Conical  Sections 

Figure  2 represents  a differential  slice  taken  perpendicular  to  the  axis  of 
revolution  of  the  nozzle.  Entrapped  in  the  slice  is  a fraction  of  the  compacted 
specimen.  The  stiffness  character ist ics  of  the  specimen  material  are  resistant  to 
compaction  and  react  against  the  container  surface  which  is  the  nozzle.  The 
assumption  is  made  that  the  normal  reaction  on  the  nozzle  wall  (or  on  a differen- 
tial area  dA)  will  be  proportional  to  the  packing  density  "P"  in  the  differential 
volume  of  cross  section  of  radius  r (the  slice).  Also,  it  will  be  assumed  that 
in  the  initial  and  most  important  phase  of  extraction  the  material  is  near  and 
parallel  to  the  conical  surface.  The  proportionality  factor  relating  reaction  to 
packing  density  (or  in  effect,  elastic  modulus)  will  be  termed  the  handle  modulus 
"H,”  hence  with  these  assumptions; 


EXTRACTION 


2 z t sec  a 


r 


(6) 


where  2ttz  is  the  perimeter  of  the  test  specimen  of  thickness  "tc."  within  the 
slice  of  radius  "r"  at  a point  during  extraction. 

From  the  assumed  reaction  relationship  within  the  nozzle, 

p = HP  (7) 

Now,  the  friction  force  per  unit  area  "f"  is  related  to  the  normal  pressure  by  the 
coefficient  of  friction  "u"  in  the  usual  sense, 

f = PW  (8) 

Observe,  that  the  packing  ratio  (Equation  (6))  is  dimensionless  and  since  p is 
in  pressure  units  (Equation  (7)),  then  the  Handle  modulus  "H"  is  in  units  of  force 
per  unit  area. 

Tiie  volume  of  material  compacted  in  the  differential  volume  A dy  is  deter- 
minable by  relating  the  extraction  distance  with  the  cross  section  of  interest  and 
the  proper  perimeter  of  the  specimen.  Initially,  the  specimen  is  a flat  circular 
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planar  sample  with  an  extraction  rod  of  slightly  less  diameter  than  the  orifice 
attached  at  the  origin  of  the  circle.  If  "z"  is  let  equal,  the  radius  of  an 
arbitrary  concentric  circle  in  the  specimen  ot  radius  Z,  then  the  volume  of 
material  existing  in  a ring  of  z inner  radius  and  z + ds  outer  radius  is  the 
volume  contained  within  the  differential  conical  volume  of  the  nozzle,  A dy.  When 
the  sample  is  compressed  and  folded  by  extraction,  z is  the  curved  path.  A rigor- 
ous definition  of  z is  nearly  impossible  and  is  hardly  justified  in  that  for  most 
practical  applications  z nearly  approaches  the  surface  distance  along  the  cone 
and  annulus  meridian,  plus  the  extraction  distance  "h"  for  h/r^  0*  and  plus 
one-half  the  material  constrained  within  the  diameter  of  the  extraction  rod. 

Assuming  the  extraction  coordinate  "h"  has  its  origin  at  the  minimum  orifice 
position  and  then  agreeing  to  consider  only  the  approximate  or  grosser  behavior, 
then  from  inspection  of  Figures  3(a)  and  3(b)  it  follows. 

For  the  annulus  0 < 01  1 ^ 

z = | + h + Ret  (9) 

For  the  cone  m = 3;  _ s •_  s^ 

z - | + h + R.  + s - 0-0) 

These  expressions  assume  that  the  specimen  extrudes  essentially  in  a near 
cylindrical  mode  with  a radius  of  the  cylinder  and  the  extractor  rod  about  equal  to 
the  minimum  orifice  radius.  This  is  reasonably  true  of  what  actually  appears  to 
occur.  Also,  the  extraction  rod  radius  should  be  about  equal  to  the  orifice  radius 
in  order  to  assure  a strong  attachment.  Furthermore,  the  ratio  of  h/r  f°r  t^ie 
range  of  practical  interest  is  usually  large  which  reduces  the  error  in  the 
approx imat  i ons. 

The  force  "F"  required  to  extract  the  specimen  is  equal  to  the  resultant  axial 
pressure  and  friction  reactions  on  the  specimen  over  the  whole  of  the  annulus  area 
A.  and  cone  area  A,,  that  is: 

F « / p(sin  i + . cos  t)dA  + , p(sin  » + >•  cos  $)dA  (11) 

A1  A2 

Substituting  into  Equation  (11)  the  expressions  for  dA,  p,  and  r given  by 
Equations  (1)  through  (4)  and  Equation  (7)  leads  to  the  integrals  that  define  1; 


F 


2 t H 


e 


R 


ct-B  2tt  -f  h + Raj  (sin  a + p cos  a)  da  <36 
^ ~i=0  A)=0  (r  + R -~R  cos  a)  cos  a 


, “ [^  + h + R3  + s - s,]  ds  d8 

sin  fr  + n cos  3 r r \2 1 J 

sin  3 cos  3 s=s^ 0=0  s 


(12) 


An  inspection  of  Equation  (12)  shows  that  F is  a linear  function  of  h and 
that  the  two  definite  integrals  within  the  brackets  ([  ])  are  dependent  upon  h,  the 
geometric  coordinates  characterizing  the  nozzle,  and  the  coefficient  of  friction; 
and  are  entirely  independent  of  the  material  test  specimen  other  than  by  the  speci- 
men influence  on  the  coefficient  of  friction. 

Limiting  further  interest  to  the  derivative  of  F with  respect  to  h,  it 
f ol lows 
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r 


cl  F 
dh 


2 t H 


[‘  C (sin  u + u cos  a)  da  d8 
^a=0^0=0  (r  + R - R cos  a)  cos  a 


2 2n 

jin  + M cos  8 r r ds  dQ 

sin  8 cos  8 's=s^  6=*0  s 


(13) 


Performing  the  integration  on  0 between  0 and  2tt  leaves 


f = 4*t  H 


ds 


8 2 
f (sin  a + a cos  a)  da  + sin  B + d cos  8 J 

*'a=0  (r  /R  + 1 - cos  a)  cos  a sin  8 cos  8 s=s.s 
o 1 


(14) 


Defining  the  bracketed  terms  ([  1)  as  1/2  N (8,  s^,  s^)  and  completing  the 
indicated  integration  over  8 and  s,  give  the  following  nozzle  characteristic 
function 


N(8 , sr  s 2 ) = Nx  + P N2 


(15) 


where  = 2 


N2  - 2 


1 + 


l+o cos  8 

In  ? + 

r 

o 

cos  8 


In  — 


In  — + 


1 


tan_1 1 \^T7r"  tan  2 6 


(15a) 


(15b) 


is  that  part  of  the  nozzle  function  independent  of  friction.  N9  is  that 
part  of  the  nozzle  characteristic  dependent  on  friction.  The  best  nozzle  is  one 
where  M N9/N^  <<  1.  Also,  observe  that  the  nozzle  characteristic  is  independent  of 
the  scale  of  the  nozzle  but  dependent  on  the  geometric  proportions  of  the  annulus 
and  truncated  cone  components. 

Having  accomplished  the  integration,  it  is  seen  that  the  slope  of  the  force- 
displacement  extraction  test  is 


* 2 it  t H N (6,  s,,  s„) 
dh  e 12 


(16) 


k 

* 


N is  totally  a nozzle  related  parameter  except  for  the  coupling  to  the  mate- 
rial specimen  through  the  coefficient  of  friction  which  is  dependent  upon  the  cone 
material  and  the  material  to  be  tested.  For  a broad  band  of  polymers,  the  friction 
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is  nearly  constant  resulting  in  essentially  decoupling  t he  nozzle  geometry  from  the 
specimen  cliarac terist ic , t and  K.  For  highly  accurate  analysis,  the  actual  mate- 
rial coefficients  of  friction  can  be  accounted  for  by  use  of  Equations  (15a)  and 
(15b). 

The  packing  factor  at  the  orifice  can  be  obtained  from  Equations  (6)  and 

(9)  and  by  substituting  i = 0 and  r * r , that  is 


P 

o 


2 (f  + h) 


t 

e 


r 

o 


2 


(17) 


Equation  (17)  yields,  after  differentiating  with  respect  to  h 

dP  2t  2 71  t 
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(18) 


Dividing  Equation  (16)  by  Equation  (18)  results  in  a form  useful  for  calculat- 
ing the  Handle  modulus  "11," 


1 dF  = _1_  dF_ 

2tt  t N dh  A N dP 
e o o 


(19) 


Equation  (19)  indicates  that  if  H is  truly  characteristic  of  the  Handle  of  a 
material  then,  for  geometrically  similar  nozzles  and  of  like  friction,  the  variation 
of  extrusion  force  (F)  with  packing  density  (pq)  at  the  orifice  (r^)  divided  by  the 
orifice  area  (Aq)  should  be  a constant  for  like  materials  and  otherwise  independent 
of  the  size  of  the  test  device. 

It  has  been  found  that  repeatable  and  consistent  values  for  dF/dh  or  dF/dP^ 
can  be  obtained  by  drawing  material  specimens  of  circular  cross  sections  through  low 
friction  nozzles  on  standard  loading  machines.  The  recorded  force  versus  displace- 
ment data  are  converted  to  the  packing  density  coordinate  pq  by  use  of  Equation  (17). 
Then,  from  use  of  Equation  (15),  the  nozzle  characteristic  function  can  be  ascertained. 
Knowing  the  orifice  size,  the  Handle  modulus  "H"  is  now  determinable  quantitatively 
by  use  of  Equation  (19).  This  procedure  permits  quantitative  comparison  of  mate- 
rials and  allows  a general  bracketing  or  ranking  of  materials  into  bands  of  those 
with  easily  or  poorly  packageable  characteristics,  garment  quality,  boardy  and  stiff, 
not  foldable  or  flexible,  and  so  forth. 

However,  it  is  not  absolutely  necessary  to  determine  analytically  the  nozzle 
characteristic  "N"  to  obtain  useful  approximate  results  from  the  proposed  test 
procedure.  Relative  Handle  data  can  be  acquired  from  most  any  type  of  nozzle.  If 
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H is  let  represent  thi  "handle  modulus"  of  a reference  material  oi  wide  use  and 
availability,  arid  it  the  « eet  t ic  ient  of  trillion  is  assumed  essentially  constant 
for  all  material  considered,  then  a nozzle  can  be  calibrated  by  extracting  the 
reference  material  and  calculating  "N."  Results  from  other  materials  tan  bt  either 
rat  toed  to  the  reference  material  >r  numerically  defined  by  use  of  the  Handle 
modulus  ot  the  reference  material,  it  known,  or  available  t rom  other  sourtes. 

Thus,  a variety  ui  useful  approat hes  exist,  that  is 
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A test  program  follows  using  the  analyt  i<  il  base  with  the  objective  ot  providing 
quantitative  values,  comparisons,  and  classifications  and  to  illustrate  the  value 
of  a quantitative  test  for  "Handle  modulus." 


3.  IT  ST  PKOfiR  \M 

The  quantitative  "Handle"  test  is  a force-displacement  load  test  to  correlate 
the  reactions  and  packing  ratio  during  the  extraction  of  a fabric  disc  through  a 
convergent  nozzle.  In  addition,  supplementary  tests  are  required  to  obtain  the 
coefficients  of  friction  and  the  equivalent  thicknesses  of  the  specimens.  To 
expedite  such  a test,  it  was  necessary  to  fabricate  appropriate  nozzles,  a test 
stand,  and  suitable  fixtures  to  adapt  the  Handle  assembly  to  a standard  Instron 
test  machine.  An  adequate  method  to  accurately  determine  the  equivalent  thickness 
was  required  along  with  a suitable  apparatus  for  obtaining  friction  data.  In  this 
section,  the  test  stand  and  accessories  will  be  described,  the  test  program  defined, 
mater iaL  specimens  identified,  and  the  results  of  tests  displayed  and  analyzed. 

3.1  Test  Fixture  and  Nozzles 

On  Figure  4 the  essential  elements  of  the  Handle  test  are  displayed.  A tri- 
leg stand  (7)  is  inserted  into  a standard  Instron  tester  (2)  and  secured  to  the 
bottom  cross  beam  in  the  standard  socket  fitting  and  leveled  and  preloaded  to  make 
secure  by  three  adjustable  studs  (3)*  The  extraction  nozzle  block  (4)  is  bolted 
to  the  upper  plate  of  the  stand  coaxial  to  the  Instron  load  axis.  The  material 
specimen  (7)  to  be  tested,  a circular  planar  pattern,  is  draped  or  folded  to  form 
initially  an  approximate  three-pedal  conical  geometry.  Its  apex  (the  origin  of  the 
circular  planar  specimen)  is  inserted  through  the  nozzle  and  secured  to  the  extrac- 
tion rod  (is)  that  is  attached  to  the  Instron  load  cell  (T)  . 


UPPER  PLATE 
(A)  HANDLE  NOZZLE 


(I)  TRI-LEGGED  STAND 


BASE  PLATE 


T(7)  TO  INSTRON  LOAD  CELL 
(6)  EXTRACTION  ROD 


(5)  FLEXIBLE  MATERIAL 
SPECIMEN.  CIRCULAR 
PATTERN 


LOWER  ATTACHMENT 
FIXTURE  TO  INSTRON 
13)  LEVELING  STUDS 


(2)  STANDARD  INSTRON 


Figure  4.  Handle  Test  Fixture  and  lest  in  Instron 


L should  he  evident  from  Figure  4 that  a large  stroke  Instron  is  necessary 
hv  virtue  of  the  length  of  material  that  must  be  extracted  through  the  nozzle.  For 
best  results  and  best  initial  folds,  the  radius  of  the  material  specimen  should  not 
be  greater  than  the  test  stand's  height  and  the  specimen  should  initially  insert 
about  as  shown  in  Figure  4. 

Figure  5 shows  more  detail  of  the  various  elements  of  the  Handle  assembly. 

The  typical  circular  test  specimen  (a)  is  shown  and  is  prepared  with  a punched  hole 
at  its  origin.  Figure  5(b)  shows  the  natural  conical  folding  that  the  fabric  speci- 
men will  assume  about  its  apex  (origin).  The  nozzle  block  (c)  is  shown  removed  from 
the  stand.  Interchangeable  blocks  are  provided  with  geometrically  similar  contours 
but  oi  different  minimum  oritice  areas.  They  are  readily  secured  to  the  test  stand 
by  the  two  bolts  shown.  Each  size  nozzle  will  have  its  proper  size  extraction 

the  apex,  ■ free  passage  foi 

thick  specimens  when  the  specimen  is  attached.  The  attachment  is  produced  by  use  of 
a faucet  type  hard  rubber  domed  washer  (e)  behind  a machine  screw  (f)  with  the 
bottom  end  of  the  extraction  rod  contoured  to  a concaved  fit.  A firm  to  hard  com- 
pression grip  results. 
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(D)  EXTRACTION  ROD 
(El  DOMED  WASHER 
(F)  MACHINE  SCREW 


BOLTS 


(C)  NOZZLE 


(HI  JACKING 
STUDS 


(G)  TRI-LEGGED  STAND 


(B)  DRAPED  SPECIMEN 
AT  INSERTION 


PUNCHED  HOLE 
AT  ORIGIN  „ 


(Al  FLAT  SPECIMEN 


The  stand  (g)  is  38  cm  between  plates  and  15cm  perpendicular  clearance  between 
the  plane  of  two  legs  and  the  third  leg.  The  three  legs  are  helpful  in  maintaining 
tu  .t  degree  a controlled  three-pedal  initial  start  pattern.  The  three  jacking 
-ouds  (hj  effectively  secure  the  bottom  end  of  the  stand  by  pretensioning  the 
central  male  fitting  that  pins  into  the  Instron  socket. 


[he  nozzle  characteri  tic  N is  defined  by  Equations  (15),  (15a),  and  (15b). 

It  is  seen  to  be  a linear  function  of  the  friction  coefficient  u.  For  measurements 
: Handle  requiring  a high  degree  of  accuracv,  it  is  prudent  to  determine  the  appro- 
priate - values  for  each  of  the  materials  to  be  tested  and  then  calculate  the 
nozzle  character ist ic  hv  Equation  (15).  It  has  been  stated  that  the  best  nozzle 
i one  where  b M.,/^  Is  very  much  smaller  than  unity.  A parameter  study  has  been 
made  to  determine  the  N , / N ; behavior  for  variations  in  the  nozzle  geometric  quanti- 
ties, r /R,  , and  s„/s..  The  results  of  this  study  are  displayed  on  Figures  6(a) 


3,  deg 

Figure  6.  Nozzle  Friction  Sensitivity  Versus  Nozzle  Geometric  Parameters 

The  ratio  of  N^/N^  is  provided  versus  the  one-half  angle  of  the  nozzle 
entrance  cone  and  for  families  of  different  cone  lengths  and  truncation  defined  by 
the  ratio  s?/s^.  The  data  of  Figure  6(a)  are  for  a fixed  orifice  radius  to  annulus 
section  radius  (r^/R)  of  1 and  the  data  of  Figure  6(b)  are  similar  but  for  a r^/R 
ratio  of  3.  Computations  for  higher  ratios  of  r^/R  indicate  that  this  quantity  is 
not  sensitive  and  has  the  least  effect  on  the  N^/N^  ratio  of  the  nozzle  parameter. 
The  sensitivity  with  the  one-half  cone  angle  (3)  is  obvious  from  the  trends  of  the 
graphical  display.  It  appears  advantageous  to  use  a nozzle  of  a high  cone  angle. 
However,  limited  experience  with  a . = 45°  nozzle  has  revealed  some  difficulties 
in  achieving  overall  surface  contact  between  the  specimens  and  nozzle  as  assumed  in 
the  mathematical  formulation. 

Of  equal  sensitivity  and  importance  is  the  cone  length  and  truncation  param- 
eter, s,/sj.  When  s2^si  = the  nozz^e  degenerates  to  an  annulus  or  toroidal 
geometry.  The  data  of  Figure  6 clearly  indicate  the  undesirable  high  values  of 
N?/Nj  for  8.,/s.j  = 1.  However,  it  should  be  noted  that  a rapid  reduction  in  N?/Nj 


m 


occurs  as  s.?/s ^ is  increased  only  slightly  above  unity  and  of  further  interest  is 
the  rapid  asymptotic  behavior  that  follows  as  s^/s.  becomes  greater  than  about  1.5. 
For  example,  for  the  r^/R  = 3 data  of  Figure  6(b),  appears  to  change  only 

about  20%  for  a 600  to  700%  change  in  s^/s^.  The  data  of  Figure  6 indicate  that  a 
cone  of  s7/sj  > 1.5  is  a desirable  feature.  However,  long  nozzles  increase  the 
difficulty  of  maintaining  overall  specimen-nozzle  contact.  This  was  not  an  apparent 
problem  with  the  prototype  nozzles. 

3.1.2  The  Test  Nozzles 

Two  different  sizes  of  nozzles  were  fabricated  for  the  test  program.  Both 
were  turned  from  laminated  white  pine  with  the  grain  parallel  to  the  nozzle  axis. 

They  were  finished  with  12  coats  of  the  commercial  product,  Krylon,  with  intermit- 
tent sanding  with  280  grit  paper.  Wood  was  used  because  it  was  the  most  expedient 
procurement  at  the  time.  It  is  not  necessarily  recommended  by  virtue  of  its  rapid 
deterioration  with  use.  Surface  wear  was  noticeable  along  with  permanent  grain 
depressions  as  a result  of  high  internal  pressures  from  heavy  specimens  at  high 
packing  ratios.  A metal  nozzle  would  not  have  these  faults  and  should  yield  lower 
coefficients  of  friction  in  most  cases. 

The  large  nozzle  is  shown  in  Figure  5(c).  The  conical  portion  of  the 

nozzle  has  a 22-1/2°  half  angle,  is  truncated  to  44.7%  of  the  full  cone  height  and 

2.2 

lias  an  entrance  area  of  29.41  cm  (4.56  in  ) and  of  3*059  cm  (1.205  in.)  radius. 

The  annulus  section  that  fairs  into  the  cone  has  a cross  section  radius  of  1.27  cm 

(0.500  in.)  and  a minimum  inside  (orifice)  radius  of  1.27  cm  (0.500  in.)  correspond- 

2 2 

ing  to  an  orifice  area  of  5.07  cm  (0.785  in  ). 

The  small  nozzle  is  geometrically  similar  to  the  large  one  and  has  a minimum 
inside  (orifice)  radius  of  the  annulus  of  0.714  cm  (0.281  in.)  which  corresponds  to 
an  orifice  area  of  1.600  cm^  (0.248  in^) . 

These  nozzles  were  prototypes  and  do  not  conform  fully  to  the  optimum  selec- 
tion of  parameter  as  discussed  above  in  regard  to  Figure  6.  The  characteristic 
coefficient  N for  the  two  geometrically  similar  wooden  nozzles  was  calculated  from 
Equations  (15),  (15a),  and  (15b)  for  6 = 22.5°,  tq/ R - 1,  and  s2^si  = 2-239;  the 
results  being 

N = 1.8974  + 4-9787  U (21) 

3.2  Test  Specimen 

The  test  specimen  to  be  characterized  for  handle  is  simply  a circular  piece  of 
material  with  a small  hole  in  the  center  for  attachment.  A typical  specimen  is 
shown  in  the  process  of  extraction  in  Figure  4 as  part  (5)  and  also  on  Figures  5(a) 
and  (b)  in  the  flat  and  in  the  draped  mode.  The  required  specimen  radius  "Z"  is 
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dependent  upon  the  true  volume  per  unit  of  surface  area  of  the  material  "t  " and 

upon  the  maximum  packing  ratio  p^  ^ desired  for  the  test  and  for  the  orifice  size 

"r  " of  the  nozzle  used, 
o 

3.2.1  Maximum  Specimen  Radius 

Recalling  the  expression  for  packing  ratio  "PC)"  given  by  Equation  (17),  that 
is: 
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(17) 


it  is  seen  that  p^  is  dependent  on  the  equivalent  thickness,  "t^,"  the  orifice 

radius,  "r  ,"  the  distance  extruded,  "h,"  and  the  material  under  the  extraction  rod 
o 

of  diameter  "d." 

Usually,  it  is  desired  in  testing  to  reach  or  exceed  a specified  packing  ratio 
(p  = p ) for  a given  specimen  and  nozzle.  With  p specified,  then  the  related 

O 0,S  or  ro 

extraction  distance  "h"  can  be  determined.  However,  it  should  be  understood  that  ii 

lata  for  any  p^  value  are  to  be  valid,  the  test  must  conform  to  the  assumptions, 

modeling,  and  derived  formulae.  One  assumption  leading  to  Equation  (14)  was  that 

the  specimen  extended  and  reacted  over  the  span  of  the  nozzle  from  to  an<l 

the  integrations  of  the  equations  were  performed  for  these  limits  assuming  this  to 

be  the  case.  Thus,  for  the  test  to  comply,  the  specimen  must  be  larger  than  the 

radius  associated  with  the  desired  p by  the  amount  necessary  to  extend  material 

ro,s  J J 

to  the  entrance  lip  of  the  nozzle,  s^  (Fig.  1).  Understanding  this  requirement  and 
observing  the  geometry  of  the  nozzle  as  per  Figures  1 and/or  5,  then  the  equation 
for  the  radius  "Z"  associated  with  the  desired  pQ  to  reach  or  exceed  is  easily 
derived  and  the  result  is  as  follows. 


z_  > _ ?Si8_  + Ii! I * 1 

r = 2 t /r  180°  r /R  r cos  6 
o e o o o 


(22) 


The  first  term  on  the  right  of  Equation  (22)  relates  to  the  radius  at  which 
the  packing  ratio  will  be  pQ  g.  The  second  term  relates  to  the  distance  beyond  the 
orifice  along  the  annulus  surface.  The  third  term  gives  the  added  radius  required 
by  the  specimen  to  extend  the  length  of  the  conical  nozzle  along  the  surface  from 

si  to  v 

Equation  (22)  must  be  used  with  caution  since  the  last  two  terms  on  the  right- 

hand  side  permit  packing  ratios  to  occur  in  excess  of  pQ  To  guard  against 

choking  and  jamming  the  nozzle,  it  has  been  found  from  experience  that  p 

ro,max 
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should  not  exceed  0.7.  This  would  occur  as  the  radius  Z is  in  the  portion 
approaching  exit  from  the  nozzle.  Letting  d/2  + h = Z in  Equation  (17),  then  the 
equation  is  appropriate  for  determining  the  choke  limit,  that  is: 


Equation  (22)  Is  useful  in  sizing  . >ecimen  but  with  the  constraint  given  by 
Equation  (23).  These  formulations  have  been  plotted  on  Figure  7 for  the  geometric 
parameters  associated  with  the  experimental  nozzles.  If  the  desired  packing  ratio 
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VALID  FOR  TEST  NOZZLE  GEOMETRY  ONLY 

|3  = 22  1/2°  r/R  = 1.  i/r  = 3.22 
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Figure  7.  Ratio  of  Specimen  Radius  to  Nozzle  Radius 
Versus  Thickness  and  Packing  Ratios 


p^  g is  let  equal  0.3,  then  Z must  be  equal  to  or  greater  than  that  given  by  the 
0.3  loci,  but  less  than  that  given  by  the  choke  limit.  Also,  it  has  been  found  there 
is  a high  probability  of  obtaining  successful  test  results  from  very  small  specimens 
where  0.06  p ''  0.08.  Often,  material  is  not  available  in  quantities  to  permit 
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the  larger  p test  levels,  and  for  such  cases,  the  minimum  specimen  sizes  can  be 
determined  t rom  the  narrow  band  shown  shaded  on  Figure  7. 

3.2.?  Specimen  Codes 

To  provide  codes  and  concise  reference  to  test  specimens  and  data,  a six-digit 
< oded  identification  number  is  used  having  the  following  significance. 


Designates  type 
of  fabrication 


Serial  number  of 
specimen  within  a 
type  classification 


Nominal  thickness  by 
ASTM  pressure-anvil 
method,  or  equivalent, 
in  inches  x 10^  (ten 
thousandths) 


For  purposes  of  data  analysis  and  correlation,  the  following  grouping  and 
classifying  of  specimens  by  fabrication  types  was  used. 


Type  No. 

1 

2 

3 

4 

5 

6 

7 

8 
9 


Fabrication  Type 

Loose  knits  or  weaves 

Light  laminates  with  FTL  or  scrim 

Homogeneous  fibrous  membranes 

Close  woven  fabrics 

Coated  composites  with  FTL  or  scrim 

Laminates  with  FTL  or  scrim 

Coated  with  cloth  structural  matrix 

Laminated  with  cloth  structural  matrix 

Homogeneous  film  or  films 


3.2.3  Nominal  Thickness 

Nominal  thickness  measurements  (tp)  provide  an  approximate  value  of  the  sepa- 
ration between  average  bounding  surfaces  of  the  fabrication.  Such  thicknesses  for 
fabric  and  film  fabrications  are  determinable  by  anvils  and  micrometers  such  as  the 
TMI  Electric  Micrometer  Model  549,  used  for  data  in  this  report.  This  instrument, 
manufactured  by  Testing  Machines,  Inc.,  is  a precision  device  meeting  the  ASTM 
requirements  for  thickness  measurements  when  equipped  with  the  appropriate  anvils 
and  weights. 
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3.2.4  Equivalent  Thickness 

The  equivalent  or  effective  thickness  "t  " is  that  quantity  when  multiplied 
by  the  surface  area  of  the  material  will  give  the  total  true  occupied  volume  of  the 
solid  constituents  of  the  fabric  or  film  fabrication.  It  is  essentially  a solidi- 
fied thickness  as  if  all  voids  were  removed.  Since  the  equivalent  thickness  is 
pertinent  to  solving  most  of  the  analytical  results  of  this  paper,  a good  measuring 
technique  is  advisable. 
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Ln  woven  mult  it 'i lament  yarn  and  raultieonst ituent  i abr icat ions , the  determina- 
tion of  the  real  volume  and/or  equivalent  thickness  is  a surprisingly  difficult 
experiment.  For  fabrics,  use  of  Archimedes’  displacement  principle  is  thwart  with 
probLems  if  the  displaced  medium  is  a fluid.  Because  oi  surface  tension,  menisci 
and  entrapped  gases  within  the  voids  of  the  filaments,  to  obtain  the  volume  by  l luid 
displacement  tests  will  invariably  show  erroneously  large  values,  frequently  in 
error  by  several  hundred  percent.  Appropriate  wetting  agents  do  not  appear  to 
materially  solve  these  discrepancies,  nor  does  preheating  and  drying.  If  the 
material  fabrication  is  of  a homogeneous  polymer  of  known  density,  then  the  volume/ 
unit  area  of  the  specimen  material  can  be  determined  adequately  by  weighing.  How- 
ever, it  was  discovered  that  many  of  the  materials  tested  were  highly  hydrophillac 
and  successful  values  required  an  oven  drying  operation  at  an  elevated  but  not 
damaging  temperature  prior  to  weighing. 

For  materials  of  assorted  constituent  densities,  neither  the  fluid  displace- 
ment and/or  the  weighing  process  are  adequate  or  appropriate. 

A satisfactory  process  for  determining  the  volume/unit  area  (or  equivalent 
thickness)  was  obtained  by  using  an  air  displacement  measurement  technique,  the 
basis  of  a commercially  available  volume  measuring  instrument.  The  Beckman 
Model  930  Air  Comparison  Pyconometer  shown  diagrammat ically  in  Figure  8 provides 
excellent  results  since  the  entrapped  air  volumes  become  a part  of  the  displacement 
gaseous  medium. 

The  Pyconometer  measures  the  difference  between  piston  displacements  required 
to  maintain  equal  pressures  in  like  cylinders  when  a portion  of  the  volume  of  one 
cylinder  is  occupied  by  a specimen  for  which  the  volume  is  desired.  The  product  of 
the  differential  piston  displacement  times  the  piston  area  is  equal  to  the  volume 
of  the  specimen. 

Drying  the  specimen  before  inserting  into  the  Pyconometer  is  considered 
necessary  to  remove  water  volume  sustained  by  surface  tensions  and  entrapped  within 
filament  voids.  Also,  the  sample,  container  cup,  and  the  instrument  should  be  at 
ambient  temperature  within  +3°  C to  preclude  drift  resulting  from  the  conversion  of 
thermal  energy  to  pressure  energy. 

For  the  subject  paper,  test  samples  were  dried  for  17  hours  in  a Blue  M hot 
air  oven  at  75°  C (167°  F) . They  were  then  placed  in  a dessicator  (silica  gel 
dessicant)  for  1 hour  and  then  the  weights  and  volumes  were  measured.  Weighing  was 
done  on  a Met  tier  Gram-atic  Analytical  Balance.  The  Pyconometer  was  calibrated 
with  three  standards  of  known  volume. 

3.2.3  Reference  Fabric 

A universally  available  material  of  good  "handle"  properties  has  been  used  as 
a handle  standard  for  the  purpose  of  obtaining  nond imensional  handle  data,  as  use- 
ful for  subjective  comparisons,  for  calibrating  nozzles  of  geometries  other  than 
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(b)  THE  PYCNOMETER  (FRONT  VIEW) 


(a)  SIMPLIFIED  SCHEMATIC  DIAGRAM 


Figure  8.  Instrument  for  Measuring  True  Volumes  of  Fabrics  and  Composites 

those  given  in  this  paper,  and  as  a base  for  making  direct  comparative  handle  meas- 
urements by  the  methodology  of  this  paper. 

The  reference  material  is  the  widely  used  nylon  parachute  cloth  specified  in 
detail  by  MIL-C-7020E,  8 Oct.  1965.  The  yarn  is  of  unbleached  hexame thy lent-  and 
adipic  acid  having  a 2/cm  (5/in.)  twist  and  woven  to  47  yarns/cm  (120  varns/in.) 
in  both  the  fill  and  warp  directions.  A rip-stop  weave  is  used  having  a frequencv 
ot  about  2.6  repeats  per  cm  (,6.5/in.).  The  finished  material  has  a weight 
17  gr/m*"  (l.l  oz/yd“),  has  a 76  m (0.003  in.)  nominal  thickness,  a 20  break 
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elongation  and  an  orthotrop  ultimate  membrane  strength  of  76  N/cm  (42  lb/in.). 

The  effective  thickness  is  '30.9  urn  (1.22  mils).  The  tear  strength  is  22  N (5  lb) 

2 

in  both  warp  and  fill  and  the  permeability  of  the  weave  is  30  + 6 cmM/ra*- 

(100  + 20  CFM/fO  of  material.  The  finished  cloth  is  scoured  and  calendered  and 

oiled  with  silicone  oil  to  0.3  to  0.5%  of  the  fabric  weight.  Its  coefficient  of 

friction  on  the  Krylon  finish  of  the  test  nozzles  is  0.23.  The  handle  modulus  "H" 

2 2 

as  defined  and  determined  by  the  subject  method  is  2-17  N/cm  (3*15  lb/ in  ). 

.3.3  Teat  Data  and  Discussions 

Test  data  acquired  on  40  material  specimens  are  provided  that  include  coeffi- 
cients of  friction,  nominal  thicknesses,  effective  thicknesses,  unit  weights,  and 
moduli  of  handle.  Force  displacement  curves  are  shown  with  the  analysis  of  typical 
curve  characteristics,  and  materials  are  categorized  according  to  their  handle 
moduli,  crease,  and  packageabil ity . 

3.3.1  Coefficients  of  Friction 

In  order  to  determine  the  numerical  value  of  the  nozzle  constant  N for  each 
material  specimen,  the  individual  coefficients  of  friction  are  required.  These 
values  were  determined  from  a slide  test  where  the  slide  was  constructed  of  the  same 
material  as  were  the  nozzles  and  finished  in  a like  manner.  The  acquired  friction 
data  were  used  with  Equation  (21)  to  determine  the  nozzle  calibration  for  each  of 
the  specimens.  Both  the  coefficients  of  friction  "p"  and  the  related  nozzle  cali- 
brations "N"  are  recorded  against  the  specimen  code  numbers  in  Table  1.  A full 
description  of  the  material  specimens  for  each  identifying  code  is  given  on  Table  2. 
The  coefficients  of  friction  varied  widely  for  the  different  types  of  materials 

ranging  from  a low  of  0.19  to  a high  of  0.80.  The  lowest  materials  were  a Mylar 

2 2 R 

with  scrim  laminate  and  the  0.36  N/m  (1.1  oz/yd  ) Dacron  cloth.  The  highest 
valued  materials  were  the  heavy  coated  fabrics  having  Hypalon  outer  surfaces.  It 
appears  probable  that  a more  appropriate  nozzle  material  is  obtainable  that  could 
have  lower  frictions  for  these  high  valued  materials. 


* 


TABLE  L.  COEFFICIENTS  OF  FRICTION  AND  NOZZLE  CALIBRATIONS 


It  is  seen  from  Equations  (15a),  (15b),  and/or  (21),  that  the  handle  measure- 
ment is  intrinsically  related  to  the  nozzle  geometry  as  well  as  a participating 
friction  related  term.  The  geometric  factor  can  be  calculated  or  eliminated  by 
standardizing  on  a particular  nozzle.  However,  the  friction  factor  will  always  be 
a variable  depending  upon  the  variety  of  material  specimens  encountered.  Since 
friction  has  a high  variability  and  its  involvement  reduces  the  accuracy  of  the 
handle  measurement,  it  is  desirable  to  have  low  coefficients  of  friction. 


An  unproven  method  does  exist  for  excluding  the  friction  variable.  The  test 
specimen  could  be  extruded  simultaneously  with  a standard  light,  low  friction, 
(Teflon)  and  low  H specimen  with  the  standard  piece  between  the  test  specimen 
and  the  nozzle.  The  Handle  modulus  should  be  close  to  the  sum  of  the  Handle  of  the 


Ident if icat ion 
code 

Coef . of 
f rict ion, 

Nozzle 

calibration, 

N 

Ident i f icat ion 
code 

Coef . of 
f rict ion , 

Nozzle 
cal ibration, 
N 

1-01-022 

0.  28 

3.291 

7-01-146 

0.48 

4.287 

1-02-055 

.48 

4.287 

7-02-141 

.58 

4.785 

1-01-035 

.22 

2.993 

7-03-136 

.43 

4.038 

2-01-030 

.22 

2.993 

7-04-127 

.80 

5.880 

2-02-115 

.19 

2.843 

8-01-030 

.40 

3.889 

2-03-050 

.48 

4.287 

8-02-081 

.27 

3.242 

3-01-030 

.46 

4.188 

8-03-102 

.22 

2.993 

3-02-029 

.39 

3.839 

8-04-069 

.24 

3.092 

4-01-037 

. 19 

2.843 

8-05-068 

.24 

3.092 

4-02-009 

.32 

3.491 

8-06-067 

.25 

3.142 

4-03-042 

.20 

2.893 

9-01-008 

.26 

3.192 

4-04-036 

.32 

3.491 

9-02-020 

.33 

3.540 

1 

0 

t-n 

1 

O 

0c 

.34 

3.  590 

9-03-010 

.34 

3.590 

4-06-025 

.23 

3.042 

9-04-010 

.29 

3.341 

4-07-025 

.25 

3.142 

9-05-030 

.30 

3.391 

4-08-039 

. 35 

3.640 

9-06-020 

.39 

3.839 

4-09-080 

.31 

3.441 

9-07-050 

.38 

3.789 

5-01-122 

.77 

5.731 

9-08-003 

.42 

3.988 

6-01-108 

.23 

3.043 

9-09-003 

.47 

4.237 

6-02-082 

.23 

3.043 

9-10-052 

.39 

3.839 

9-11-020 

.30 

3.391 

two  materials  and  if  the  auxiliary  specimen  has  a low  H value  compared  to  the  test 
specimen,  the  accuracy  should  be  improved  by  removing  the  friction  variable.  Thus, 
all  specimens  would  have  like  nozzle  frictions  making  the  comparative  handle  ranking 


of  materials  more  accurate. 


3.3.2  l / t Data 
e n 


The  nominal  thicknesses  of  films  and  fabrics  are  easily  obtained  as  discussed 
above;  however,  the  measurement  for  effective  thickness  is  involved  as  seen  from  the 
preceding  discussion.  To  provide  an  approximate  indication  of  the  "te"  values  for 
use  in  approximate  "handle"  characterization,  the  ratio  of  tp  to  t^  can  be  use- 
ful data.  If  t is  available,  then  t can  be  readily  acquired  by  use  of  the 
n e 

t /t  ratio,  approximated  for  the  class  of  fabrication  under  evaluation.  These 
e n 

data  are  provided  on  Figure  9. 
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TRUE  VOLUME 
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9 HOMOGENEOUS  FILMS  OR  FILM 
<£oo mj  8 LAMINATES  WITH  CLOTH  MATRIX 
ate  7 COATED  WITH  CLOTH  MATRIX 


c/o  6 LAMINATES  WITH  FTL  OR  SCRIM 

// 

' y 5 COATED  WITH  FTL  OR  SCRIM 

4 CLOSE  WOVEN  FABRICS 
3 HOMOGENEOUS  FIBROUS 


0 .2  .4  .6 


2 LIGHT  LAMINATES  WITH 
FTL  OR  SCRIM 
1 LOOSE  KNITS  OR  WEAVES 


Figure  9.  Relationship  Between  Effective  Thickness  and  Micrometer  Thickness 


% 


For  very  loose  knits  and  for  weaves  such  as  cheesee loth , hosiery,  and  so 

forth,  the  effective  thickness  to  nominal  thickness  is  seen  on  the  figure  to  reach 

values  lower  than  0.1.  The  lowest  value  measured  (0.062)  was  for  the  1-01-022 

material,  NASA-TRiCOT  defined  on  Table  2,  Sheet  1 and  documented  in  the  NASA  Tech 

Brief  71-10342  (1971).  A wide  variation  in  some  of  the  fabrication  types  was 

experienced;  particularly,  for  close  woven  fabrics  and  laminates  with  cloth  matrices. 

The  homogeneous  films  had  low  variability;  however,  some  had  t ^ / 1 n ratios  slightly 

larger  than  unity.  This  is  attributed  to  compressibility  and  a resulting  nominal 

thickness  measured  under  the  pressure-anvil  technique  that  is  less  than  the 

unstressed  thickness.  To  apply  the  data  of  Figure  9,  the  analyst  is  required  to 

type  classify  the  material  under  evaluation  as  well  as  estimate  where  it  would  lie 

in  the  range  of  variability  for  its  class.  This  approximate  procedure  is  not 

recommended  whenever  instrumentation  is  available  and  time  permits  determining  the 

effective  thickness  in  a more  accurate  manner.  A numerical  listing  of  the  t /t 

e n 

ratios  along  with  the  actual  t^  measurement  are  given  on  Table  2,  Sheets  1 through 
7,  for  all  of  the  specimens  tested. 

3.3.3  Extraction  Test  Data 

The  force-displacement  extraction  tests  were  performed  for  41  specimens 
using  a standard  Instron  tester.  The  load  tests  were  made  at  several  rates  with  the 
predominance  of  testing  at  a head  speed  rate  of  30.8  cm/min  (20  in. /min).  At  this 
speed,  no  appreciable  variation  was  seen  between  data  at  speeds  of  an  order  of  mag- 
nitude less.  Only  room-temperature  testing  was  accomplished. 

Figure  10  depicts  the  general  characteristics  displayed  by  the  force- 
displacement  curves.  Phase  I is  an  initiating  phase  where  the  specimen  is  drawn 
into  the  nozzle  and  forced  to  press  against  the  wall.  The  true  zero  for  the  test 
is  when  the  extraction  rod  is  in  line  with  the  nozzle  minimum.  Phase  I is  not  a 
valid  portion  of  the  handle  analysis  since  usually  the  material  does  not  fully  con- 
tact the  nozzle  wall.  Phase  II  is  the  useful  and  valid  portion  of  the  test.  The 
nozzle  wall  is  fully  in  contact  with  material  from  the  entrance  lip  (s,,)  to  the 
nozzle's  minimum  (orifice)  and  the  curve  is  linear.  The  high-frequency  perturbation 
is  associated  with  stick-slip  friction  behavior.  Phase  II  frequently  terminates  in 
Phase  1 1 A which  is  a plume  action  of  the  external  material.  Apparently  due  to  dif- 
ferential extraction  of  the  layers  of  material,  shears  develop  internally  causing  a 
pluming  motion  and  the  formation  of  what  might  best  be  described  as  a bud  at  the 
entrance  area.  With  this  formation,  a noticeable  increase  in  the  rate  of  force 
versus  displacement  is  observed.  For  specimen  of  reasonably  low  maximum  packing 
ratios  pQ  0.7  Phase  III  occurs  early  and  the  force  drops  rapidly  as  the  nozzle 
wall  ceases  to  be  filled  with  material.  Finally,  an  abrupt  (Phase  IV)  termination 
occurs  as  the  compacted  tail  exits  the  nozzle.  For  p >0.7,  the  nozzle  will  choke 
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Figure  10.  Characteristics  of  Force  Displacement  Curves 

or  jam  and  Phase  IIA  or  III  will  show  a great  increase  in  force  buildup  which  will 
terminate  sharply  with  specimen  apex  failure  or  a specimen  tear. 

Figure  11  shows  actual  forCv -d isplacement  data  for  several  specimens  and  pro- 
vides comparative  data  from  both  the  small  and  large  test  nozzles.  The  initial 
coincidence  of  curves  for  the  two  nozzles  clearly  supports  the  theoretical  finding 
that  the  derivative  of  the  force-extraction  curve  would  be  initially  independent 
of  the  scale  of  the  nozzle  for  geometrically  similar  nozzles.  Also,  this  phenomenon 
gives  test  proof  of  the  validity  of  the  hypothesis  that  the  internal  pressure  from 
extraction  is  initially  proportional  to  the  compaction  ratio.  Since  the  cross- 
sectional  area  is  proportional  to  the  square  of  the  nozzle  size,  and  since  the 
internal  pressure  from  compaction  is  inversely  proportional  to  the  square  of  the 
size  (and  only  if  this  is  so),  the  effect  of  scale  is  canceled  for  the  vector  sum  of 
the  products  of  the  pressures  times  areas.  Using  two  nozzle  sizes  helps  define  the 
valid  region  of  the  force-displacement  curves.  Where  the  two  are  reasonably  coinci- 
dent, the  validity  and  applicability  to  handle  measurements  are  established.  Three 
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figure  11.  Typical  Force  Versus  Displacement  Handle  Data 


of  the  four  materials  shown  had  sufficient  agreement  in  the  Phase  II  regime  to  use 
a single  slope  for  both  the  small  and  large  nozzle  data. 

The  data  on  polyethylene  given  on  Figure  11(d)  showed  enough  difference  between 
the  small  and  large  nozzle  tests  to  require  two  slopes.  Even  so,  the  discrepancy  is 
of  little  consequence  when  considering  the  three  orders  of  magnitude  variation  in 
handle  moduli  for  the  range  of  flexible  materials  encountered.  Figure  11(d)  is  a 
good  illustration  of  the  results  of  plume,  Phase  III  tail-off,  and  Phase  IV 
termination. 

Data  such  as  shown  on  Figure  11  were  found  to  have  excellent  repeatability  on 
typical  woven  fabrics.  Five  repeated  tests  were  performed  on  the  fiber  glass  fabric 
specimen  (4-09-080)  and  the  results  were  duplicated  without  significant  changes.  For 
each  run,  the  specimen  was  removed,  placed  in  a flat  pattern  with  wrinkles  and  folds 
pressed  out  by  hand,  then  reassemhled  and  rerun.  Variations  in  the  initial  fold 
geometry  obviously  existed  yet  the  tests  were  consistent  in  the  first  linear  range. 
For  materials  having  poor  handle  characteristics  and  resistant  to  creasing  and 


60 


2 mil  POLYETHYLENE 
FILM  9-06-020  „ 


LARGE  NOZZLE 


4 

s 


(d) 


FORCE 

(N) 


(ci 


FORCE 

(N) 


EXTRACTION,  h.  cm 

Figure  11.  Concluded 


folding,  the  force-displacement  curves  were  found  to  decrease  in  magnitude  with 

repeated  tests.  This  decrease  in  the  force  versus  displacement  data  is  attributed 

to  a breakdown  in  the  structure  due  to  crease  damage  and  suggest  the  use  of  repeated 

handle  tests  as  an  indicator  of  crease  degeneration. 

It  was  found  that  almost  all  of  the  materials  tested  showed  a commonality  in 

having  a portion  of  the  linear  segment  of  their  force-displacement  curves  within  the 

range  of  packing  ratios  of  0.06  < Pq  < 0.08.  For  most  of  the  thick  specimens 

tested  at  p values  lower  than  0.06  the  curves  were  not  initially  linear  because 
o 

of  the  Phase  I entry  bulge  at  starting. 

In  particular,  material  specimens  (8-6-067)  and  (8-03-102),  laminate  compos- 
ites, exhibited  large  Phase  I entry  bulges  for  tests  in  the  small  nozzle.  This  is 
not  considered  a significant  feature  since  use  of  a larger  nozzle  for  materials  of 
200  to  350  Mm  (8  to  14  mils)  should  reduce  this  behavior.  However,  this  would  also 
require  larger  diameter  specimens  which  were  not  available  for  these  two  materials. 

The  evaluation  of  handle  in  the  low  packing  ratio  range  0 Pq  0.08  is 
consistent  with  the  basic  concept  and  analogy.  It  was  desired  to  model  in  a degree 
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the  mechanical  process  of  touching,  fingering,  fueling,  and  flexing  fabric  folds  and 
drapes  as  usually  done  in  assessing  handle  subjectively.  In  a similar  sense, 
reactions  measured  initially  at  low  values  when  extracting  specimen  through 

the  handle  test  nozzle  are  related  to  the  forces  required  to  depress,  form,  fold, 
drape,  flex,  and  gather  the  fabric  while  otherwise  in  a relatively  unsupported  mode. 

3.3.4  Handle  Ratios,  H/H 

The  slopes  of  the  Phase  II  valid  range  of  all  of  the  force-displacement  tests 

were  obtained  and  the  handle  moduli  calculated  in  accordance  with  Equation  (19) 

using  the  nozzle  calibrations  "N"  from  Table  1 and  effective  thickness  data  "te" 

from  the  Pyconometer  tests.  The  resulting  H/H  ratios  are  tabulated  on  Table  2, 

Sheets  1 through  7,  along  with  t , t /t  and  the  unit  weight  of  the  materials,  6. 

e e n 

The  three  orders  of  magnitude  in  range  of  H/H  observed  for  materials  ranging 
from  shear  knit  hosiery  to  multiconstituent  laminates  is  a surprisingly  wide  range 
of  the  Handle  modulus  to  incompass  the  typical  samples  of  so-called  packageable, 
foldable,  or  flexible  materials.  To  subjectively  judge  these  materials  by  physi- 
cally handling  them  does  not  produce  a comparable  assessment  of  the  vast  range  of 
differences  Involved.  This  is  similar  to  other  physical  measurements,  si.  as  sound 
pressure  which  as  a consequence  is  measured  in  decibles.  This  suggests  t-.c  value  of 
thinking  of  Handle  in  terms  of  th<  1 >garlthm  of  H/H.  In  fact,  to  display  the  rang* 

■ i gar Lthmic  funct ion*  Henc e,  it 

seems  useful  at  times  to  characterize  materials  by  the  log  of  the  Handle  modulus 
"H/il"  such  as  displayed  on  Figure  12.  The  ordinates  of  the  bar  graphs  of  Figure  12 
are  the  log  H/H  and  the  values  of  H/H  are  shown  also.  Discrete  data  are  plotted 
against  fabrication  types,  1 through  8,  as  previously  defined.  The  specimen  number 
for  the  classification  type  is  used  as  a plot  point  and  between  the  fabrication  type 
number  and  the  plotted  number  give  the  first  three  digits  of  the  specimen  code 
(i.e.,  4-06,  log  H/H  = 0 * reference  material).  In  this  graph,  the  fabrication 
types  have  been  arranged  in  an  order  of  essentially  increasing  averages  of  the 
log  H/H  values  for  the  fabrication  types.  It  is  evident  that  a considerable  range 
of  handle  moduli  exists  within  a fabrication  type.  This  is  attributed  to  a wide 
range  of  material  constituents  and  thickness  available  within  a fabrication  type. 
Recourse  to  the  descriptive  data  given  on  Table  2 on  the  particular  specimens  of 
interest  will  usually  show  why  these  differences  exist.  It  is  interesting  to 
observe  that  the  upper  limits  of  fabrication  types,  5 through  8,  are  all  around  H/H 
values  of  100  (log  H/H  = 2).  The  data  of  Figure  12  are  thought  useful  for  estimat- 
ing Handle  moduli  of  other  materials  that  can  be  characterized  by  fabrication  type 
and  approximately  positioned  within  the  range  of  the  appropriate  data. 

In  general,  in  correlating  experiences  with  foldability,  packageabili ty , and 
crease  damage,  with  handle  moduli,  it  is  concluded  that  the  onset  of  packaging 
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Figure  12.  Log  Handle  Versus  Fabrication  Types 


problems,  crease  damage,  and  limited  repacking  occur  for  materials  exceeding  a H/H 
value  of  about  40.  Hence,  materials  at  the  upper  ranges  within  fabrication  types  2 
and  5 through  8 will  experience  degrees  of  packaging  problems  and  crease  degradation. 
As  a reference  point,  the  typical  newspaper  (3-02-029)  was  found  to  fall  at  this 
boundary  by  the  Handle  modulus  test. 

An  initial  attempt  to  categorize  or  classify  the  degrees  of  packageability  and 
crease  sensitivity  against  the  Handle  moduli  parameter  H/H  has  been  made  and  the 
results  are  displayed  on  Figure  13.  Characteristically,  similar  groups  are  indi- 
cated by  the  brackets  and  descriptive  data  in  the  left  of  the  Handle  scale.  The 
typical  material  found  in  these  groupings  is  shown  on  the  right  of  the  scale.  The 


correlation  of  H/H  ranges  with  varying  degrees  of  drapability,  crease  sensitivity. 
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i tiding  and  creasing  to  specific  design  processes 
and  criteria  and  tv  several  packaging  cycles  of 
>w  density.  Are  highly  resistant  to  comp  and 
i urvatures  and  experience  damage  from 
rth-g  >nal  > double)  folds  at  aperies. 

Zero  t • n :l>i  . rease  damage  requiring  c >ntr  died 
f tiding  and  light  creasing.  Resilient  and  bulky 
and  degenerate  with  repeated  packaging,  are 
highly  resistant  to  compound  curvatures. 

Mild  t i appreciable  crease  memory,  foldable  *—— 
but  resilient,  resistant  to  compound  curvature, 
have  no  drapability,  and  few  repackageable  life 
eye  les. 

Zero  to  mild  crease  memory,  foldable, 
pa«  kageable,  with  limited  repackageability 
but  resistant  to  compound  curvatures.  Have 
poor  drapability,  are  generally  of  crisp 
texture  and  noisy  to  compound  folding.  Have 
high  strength-to-weight. 

Fib r >us  materials,  range  lroin  tissues,  

abs  .rbent  papers,  towels,  t > newspapers. 

F ddable  w ' plastic  behavior,  have  crisp 
texture  and  a noisy  to  compound  folding  at 
upper  ranges  ; H/H. 

Similar  to  i I i but  with  wide  strength  range 

applicable  I >r  parachutes,  sails,  drapes, 

eti  . Pai  kageable  by  presses  to  high  densities. 


' 1 Fsthetic  rr  aterials,  amenable  to  compound 
• urvatures,  draping,  insensitive  to  crease, 
: ildable,  and  repackageable.  I >w  strength. 
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Al.  Dep.  on  Mylar  with  FTI. 

1 Mil  Mylar  Film 


CHARACTERISTICS 


. . K j/  ! yd4  K«  \ la  r 1 ‘ ’ >th 
2-1  '4  Mil  F*  ilyethy'ene 


Industrial  Wipers 
4 Mil  Nomex  Cloth 
1.9  oz/yd^  Dacron  Cloth 


Mil-C-7020,  Type  I,  Nylon  1 ■»*)- 
'Ref.,  H - 2.  17  N/cni^) 

1 . 5 oz  fyd^  Dacr  in  Cl  >th 
1 Mil  Fiberglas 


Nylon  Hosiery 


TYPICAL  MATERIALS 


Figure  13.  Handle  Comparisons 
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has  an  H/H  of  44 . ^ which  is  almost  identical  to  the  coated  composite  7-03-136)  of 
H/H  = 46. A.  A careful  examination  of  these  materials  shows  this  probable  since  the 
newsprint  is  crisp,  springy,  and  very  resistant  to  double  folds  and  compound  curva- 
tures for  its  35  pm  (1.375  mil)  thickness.  Whereas,  the  coated  composite  is  also 
likewise  resistant  but  is  313  Mm  (12.3  mils)  thick.  Thickness  must  be  factored  into 
the  evaluation  since  it  is  a notable  feature  that  for  like  resistances  the  materials 
have  a 9 to  1 difference  in  thickness.  All  such  seemingly  inconsistancies  in  H/H 
can  be  reconciled  by  a realization  of  the  difference  in  effective  thicknesses. 

These  data  of  Figure  13  are  considered  useful  in  specifying  material  handle 
moduli  that  will  yield  an  adequate  performance  in  foldability  and  crease  to  achieve 
the  purposes  for  which  a material  is  selected  or  designed.  It  would  appear  an 
objective  for  future  developments  in  Kevlar  based  high-strength  laminates,  and 
particularly  coated  Kevlar**  composites,  to  strive  to  obtain  Handle  moduli  (H/H)  less 
than  40.  For  materials  with  Handle  moduli  (H/H)  in  excess  of  110,  they  should  not 
be  considered  for  foldable,  erectable,  or  inflatable  applications  except  under  care- 
fully designed  and  controlled  procedures  and  for  only  a single  packaging  cycle. 
Material  with  H/H  values  less  than  20  appear  generally  suitable  for  repeatable 
packaging  with  few  constraints.  Materials  with  H/H  less  than  4 are  amenable  in 
general  to  high  density  repeatable  packaging  (specific  gravity  -*-0.5)  without  appre- 
ciable impairment  to  normal  life  expectancy.  Materials  having  the  lowest  handle 
moduli  are  loose  knits,  nets,  and  meshes  having  values  of  H/H  ranging  down  to  0.2. 

It  is  reminded  that  the  handle  parameter  H/H  is  dimensionless  and  a ratio 
. 'icd  by  dividing  the  handle  moduli  by  the  handle  modulus  of  the  reference  mate- 
ii 1 * - J5) , defined  in  detail  in  Section  3.2.5. 
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Handle  Moduli  and  Geomet ric. Parameters  of  Films,  Fabrics,  and  Composites 


LOOSE  KINTS  OR  WEAVES 


The  two  yarn  components  used  in  NASA-Tricot 
are  15-denier  nylon  monofilament  and  aluminized 
Mylar^tape  (Lurex  TE  100).  The  nylon  monofilament 
is  38ura  (1.5  rail)  In  diameter.  Hie  Lurex  tape  is 
1 . Jura  (0.5  mil)  thick  and  250pm  (10  mils)  wide. 


The  J^urex  is  coated  on  both  sides  with  aluminum 
400  A thick 


Federal  spec.  CCC-C-440 


The  knit  nylon  monofil. 
(0.8  mil)  in  diameter. 


TYPE  2 


F.T.L.  Pattern  of  Da<  t Fi Un,  cooj rised 

) denier  transverse  yarns  1.25  cm  spacing  Intersecting 
440  denier  longitudinal  yarns  at  82°  with  the  longitudinal 
yarns  spaced  at  2.54  cm  and  bonded  to  a 
of  aluminumized  0.008  mm  (1/3  mil) 


Kevlar  Scrim  on  Film;  comprised  of  440  denier 
transverse  yarns  0.8  cm  alternating  over/under 

^ longitudinal  yarns  at  right  angle,  with 
the  longitudinal  yarns  spaced  at  2.4 
-i  per  cm  and  bonded  to  a base  of  0.0254 
mm  (1  mil)  Mylar  Film. 


Dacron  Scrim  on  Film;  comprised  of  220  denier 
transverse  yarns  at  2.4  per  cm  split  twist  at  right 
, ^ angle  with  longitudinal  yarns  spaced 

at  3.12  per  cm  and  bonded  to  a base 
of  aluminumized  0.012  mm  (1/2  mil) 


F..  T.  Du  Pont  De  Nemours  4 Co 
Registered  Trade  Mark 


NOTE: 


NASA  Tech  Brief,  71-10342,  Sept.  1971 
English  units  shown  in  parenthesis,  i 
FTL,  Flying  Thread  Loom 


6(N/ra2) 

te(pm) 

te/t„ 

IT) 

.046  7 
(1.40) 

3.69 

(.145) 

.062 

1.33 

.187 

(.562) 

12.5 

(.492) 

.088 

.243 

.146 
( .440) 

14.0 

(.550) 

.157 

. 368 

TABLE  2 


(font iuued) 


FABRICS  CLOSE  WOVEN 


(N/ra-O 


Desscript  Ion 


serial  no 


200  denier  with  l i.-'.  strands/ cm  (34/ in.) 
in  the  warp  and  13.4  strands/cm  (34 /in. ) 
in  tile  fill. 


Fiberglass  Cloth 

Open  square  weave  with  24.4  strands/cm 
(62/in.)  in  the  warp  and  19.7  strands/cm 
( 50/in . ) in  Che  fill. 


Ny  Lon  Par  it  hut  - I abr  i. 

Rip  stop  design  - with  47.2  strands/em 
(120/in.)  in  the  warp  and  29.9  strands/cm 
(76/ in.)  in  the  fill  . 

\ir  !..  I’.i rii  tiutf  Mat’].  M1L-C-7020. 


Dacron  Fabrh:  - 

With  47.2  strands/cra  (120/in.)  in  the  warp 
and  29.9  strands/cm  (76/in.)  in  the  fill. 


Nomex*''  (uncoated  )- 

With  32.3  strands/cm  (82/in.)  in  the  warp 
and  29.9  strands/cra  (76/in)  in  the  fill. 


Fiberglass  Cloth  - Basket  weave, 
volan  finish  with  22.4  strands/cm  (57/in.)  in  the 
warp  and  21.3  strands/cm  (54/in.)  in  the  fill. 

See  mil.  spec.,  MIL-Y-1140E 


(1)  Ref.  Material,  H = 2.17  N/cm‘  (3.15  lb/ i n ) 
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Reference  Material 


Adhesive  (coat) 


Ke  I' o ri*n>'«  Mntejr  i t! 


Dacron,  1000  d,  13  x 13 


Adhesive  (coat) 


NOTE 


( 1 .8  oz/yd^)pIain  K»ave  fnbrii 

(1.4  oz/yd^)  plain  weave  fat 
(2.8  oz/yd2)  plain  weave  tat 


(1)  Developed  Under  Contract:  NAS1-12701  by 

C.  T.  Sheldahl  Company. 

(2)  Developed  Under  Contract:  NAS l- 11 694  by 

0.  T.  Sheldahl  Co.  (Material  code  no.  cl  24900) 

(3)  Developed  Under  Contract  NASI- 12701  by 
G.  T.  Sheldahl  Co.  (Similar  to  custom) 


Re : e r.  < Muter  i . 1 1 


Kevlar-49* 


nee  Material 


TYPE  9 


9-03-010 


CAP RAN  - 80 


I.  fi 1 *** 


1. .AM  I NATE  COMPOS  TIES  WITH  CLOTH  BASE 


Descript  ion 


1.93  157 

i5.80)  (6.18) 


Relerence  Material 


8-05-068  (1) 


2.06  | 160 
(6.19)  (6.31) 


Adhesive  (coat) 


8-06-067  (1) 


HOMOGENEOUS  FILMS 


Aluminum  - Mylar  - Aluminum,  Laminate 


- Aluminum 
—Mylar 

— A1  urn  1 men 


CAP  RAN  - 80 


Polyamide  Film 
Tensile  Strength,  12,000  psi 
Elongation,  450  - 550/  Impact 
Strength  10. 7 (kg-cm),Max.  use 

Temperature  215. 5°C  (420°F) 


.526  49.2 

(1.58)  (1.94) 


Polyaml de  Film 

^ Tensile  Strength  12,000  psi  .283 

'x  Elongation  450-550X  Impact  Strength  (.851) 
5.4  (kg-cra)  Max.  u**e 
Temperature  215. 5°C  (420°F) 


NASL-12701  by  G.  T.  Sheldahl  Co 


(1)  Developed  Under  Contract:  NASL-iz/ui  oy  o.  i. 

(2)  Developed  by  NASA  & used  on  the  Echo  II  program 
o Capran  - 80  Heat  Stabilized  Nylon  Film 

Registered  Trade  Mark  by  Allied  Chemical 


plain  weave  fabric. 


[.  CONCLl  SIGNS 


The  Handle  properties  of  fabrics,  films,  and  composiles  are  important  to  their 
applications  since  they  relate  to  pliability,  drapability,  flexibility,  and  folda- 
bility.  Handle  is  generally  characterized  by  subjective  analysis,  however,  in  this 
paper  an  objective  or  quantitative  method  of  character ization  is  proposed,  tested, 
and  the  quantitative  data  presented  and  analyzed  lor  numerous  conventional  materials. 

Little  precedent  work  has  been  dedicated  to  quantification  of  handle.  Several 
related  test  procedures  do  exist,  however,  such  as  the  ASTM  cantilever  beam  test, 
the  heart  loop  test  procedures,  and  the  Drapemeter  analysis. 

The  subject  handle  measurement  is  based  on  the  hypothesis  that  the  initial 
resistance  to  touch,  gathering,  pleating,  or  compression  of  a material  is  a pressure 
reaction  on  the  constraining  surface  proportional  to  the  amount  of  material  compacted 
within  the  defined  volume  and  bounding  surface.  The  proportionality  factor  is 
obtained  by  extracting  specimens  of  flexible  materials  through  a convergent  orifice 
and  the  resulting  force-displacement  data  are  processed  to  yield  a constant  defined 
as  the  "handle  modulus." 

Consistent  with  the  basic  hypothesis,  the  handle  modulus  is  found  both  ana- 
lytically and  experimentally  to  be  independent  of  the  scale  of  the  test  for  geo- 
metrically similar  orifices  and  like  materials  for  the  linear  and  what  is  considered 
valid  phase  of  the  extraction  process. 

Most  any  nozzle  can  be  used  to  acquire  either  absolute  or  relative  handle 
moduli  if  the  nozzle  is  calibrated  in  accordance  with  the  methods  of  the  subject 
paper.  Also,  the  optimum  nozzle  geometry  is  studied  and  dimensional  ratios  are 
proposed  that  minimize  the  effects  of  friction  on  the  process. 

The  analytical  relationship  for  sizing  the  test  specimens  is  provided  based 
on  the  nozzle  geometry,  orifice  area,  material  thickness,  and  the  desired  limits 
of  packing  ratio  and  so  forth.  When  complying  with  this  relationship,  very  small 
specimens  can  produce  satisfactory  moduli  and  large  specimens  are  limited  such  as 
to  preclude  choking  or  jamming  the  nozzle. 

The  effective  thickness  of  the  fabric  or  membrane  is  required  for  calculating 
the  handle  modulus.  This  is  equal  to  the  real  volume  of  the  solid  constituents 
divided  by  the  surface  area  of  the  specimen.  Satisfactory  methods  for  acquiring 
the  effective  thickness  are  delineated  in  detail.  Fluid  displacement  techniques 
and  weighing  methods  are  generally  not  adequate  due  to  surface  tensions,  menisci, 
entrapped  gases,  and  hydrophillac  characteristics.  However,  air-displacement  meas- 
urements along  with  a drvlng  process  yield  highly  successful  results.  Also,  from 
such  measured  data,  approximate  relationships  have  been  generated  for  use  when 
sophisticated  equipment  is  lacking  or  not  merited. 

The  handle  moduli  are  submitted  as  dimensionless  ratio  (H/H)  of  the  modulus 
of  a material  (H)  to  that  of  a reference  material  (H) . The  reference  material  is 
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the  widely  used  and  available  37  gr/m  (1.1  oz/yd  ) Nylon  parachute  cloth  fully 
specified  by  MIL-C-7020E.  The  handle  modulus  of  the  reference  material  is 
2.17  N/cm^  (3.15  lb/in^).  The  H/H  ratios  for  the  41  materials  tesied  ranged 
from  about  0.2  to  110,  approximately  three  orders  of  magnitude. 

The  force-displacement  curves  were  found  to  have  excellent  repeatability  and 
consistent  and  predictable  characteristics  defined  as  phases.  Phase  I,  a nonval id 
initiating  regime;  Phase  II,  the  valid  linear  range  fully  complying  with  the  handle 
hypothesis  and  the  formulations;  Phase  1IA,  a plume  phenomenon  of  the  external 
material;  Phase  HI,  either  due  to  choking  or  lack  of  material  filling  the  nozzle; 
and  Phase  IV,  abrupt  termination  as  the  specimen  exits  the  nozzle. 

In  order  to  enhance  subjective  estimation  of  handle  moduli,  the  test  materials 
were  grouped  by  fabrication  types  of  increasing  mean  range  magnitudes  of  modulus 
ratios  such  as 

o Loose  knits  or  weaves 
o Closely  woven  fabrics 
o Fibrous  homogeneous  materials 
o Light  laminates  with  FTL  or  scrim 
o Homogeneous  film  or  films 
o Coated  materials  with  FTL  or  scrim 
o Coated  materials  with  cloth  matrix 
o Laminates  with  FTL  or  scrim 
o Laminates  with  cloth  matrix 

A correlation  is  provided  of  the  handle  modulus  ratio  (H/H)  and  related  mate- 
rials with  varying  degrees  of  drapability,  crease  sensitivity,  foldability,  repack- 
ageability,  crease  memory,  resiliance,  resistance  to  compound  curvature,  and  so 
forth. 

It  is  concluded  that  the  onset  of  packaging  problems,  crease  damage,  and 
limited  repacking  occur  for  materials  with  handle  modulus  ratios  (H/H)  exceeding 
a value  of  about  40. 

Materials  with  handle  modulus  ratios  (H/H)  in  excess  of  110  are  not  recom- 
mended for  foldable,  erectable,  or  inflatable  applications  except  under  controlled 
procedures.  Materials  with  H/H  values  less  than  20  are  suitable  for  repeatable 
packaging  use  with  few  constraints.  Materials  with  H/H  less  than  4 can  be 
packaged  repeatedly  to  high  compaction  densities.  Materials,  such  as  loose  knits, 
net,  and  meshes  have  H/H  values  ranging  as  low  as  0.2  are  essentially  unencumbered 
in  use,  from  the  geometric  viewpoint. 

In  view  of  aerospace  applications,  it  would  appear  an  objective  for  future 
development  on  Kevlar  based  high  strength  laminates,  and  particularly  coated  com- 
posites, to  strive  to  obtain  Handle  moduli  (H/H)  less  than  40. 
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Abstract 


The  Aerospace  Corporation's  ATMOSAT  project  is  dedicated  to  the 
development  of  superpre ssure  balloons  having  an  order  of  magnitude 
improvement  in  skin  strength  over  previously  flown  mylar  balloons.  A 
series  of  test  balloons  have  been  constructed,  using  a woven  Kevlar  fabric 
as  the  strength  member,  and  three  sheets  of  mylar  (one  metalized)  as  a 
gas  barrier  and  thermal  control  surface. 


Four  3.  5-meter  balloons  were  built  for  ground  testing;  a fifth  balloon 
(3.  5 meters)  was  flown  at  100  mb  at  Kourou,  French  Guyana;  and  a sixth 
balloon,  10  meters  in  diameter,  was  built  for  manned  flight  capable  of  per- 
forming both  technological  testing  of  the  balloon  itself  and  initial  tropo- 
spheric measurements  of  air  quality.  The  results  of  the  tests  performed 
with  these  balloons  will  be  reviewed. 


-ufr:  ..  - ■>  « 


i,  INTRODUCTION 


When  The  Aerospace  Corporation  started  work  on  the  ATMOS  A I 
(Atmospheric  Satellite)  program,  it  envisioned  that  during  the  first  year  we 
would  face  the  most  basic  of  the  technical  problems  - subsequent  years  of 
development  would  face  the  lesser  problems  of  scaling  up  successful  proto- 
types to  achieve  a full  scale  operational  vehicle  capable  of  carrying  a one- 
ton  payload  in  the  low  stratosphere  for  durations  of  up  to  one  year.  The 
initial  problem  of  achieving  a good  material  design  was  solved  by  making 
use  of  the  extensive  work  done  during  the  past  five  years  on  composite 
fabrics,  work  reported  upon  at  earlier  Scientific  Balloon  Symposia. 

Progress  to  date  has  been  satisfactory:  the  construction  of  some  500  yards 
of  this  composite  material,  the  testing  of  this  material  for  quality  through- 
out its  evolution  (from  the  basic  Kevlar  yarn  on  the  spindle  to  the  completed 
balloon),  the  construction  and  testing  of  five  3.5-meter  test  ATMOSATs,  and 
the  construction  and  flight  of  the  10-meter  test  ATMOSAT  'AMERICA." 

The  four  flights  made  to  date,  an  unmanned  flight  of  a 3.5-meter 
ATMOSAT  from  the  French  test  center  at  Kourou,  French  Guyana,  and  the 
three  manned  flights  of  AMERICA  have  significantly  added  to  our  knowledge 


of  the  performance  of  balloons  made  of  such  composites  in  general,  and  of 
Kevlar  based  composites  in  particular. 


2.  TEST  PLAN 

In  order  to  carry  a one-ton  payload  at  the  100  mb  level,  a balloon  in  the 
25-meter  diameter  class  is  needed.  Figure  1 shows  the  typical  sizes  of 
ATMOSAT's  needed  as  a function  of  skin  strength. 

Due  to  the  cost  of  ATMOSATs  made  of  this  material  (roughly  equal  to 
itlOO/sq  meter  of  balloon  surface  area),  the  development  of  such  a large 
balloon  must  be  undertaken  with  considerable  conservatism.  The  large 
operational  ATMOSAT  would  have  to  work  the  first  time,  a series  of  test 
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Figure  1.  ATMOSAT  Load  Capacity  at  100  mb  (15,600  m) 
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flights  of  such  large  balloons  would  be  prohibitively  expensive.  The 
development  program  leading  to  the  operational  ATMOSAT  is  therefore  as 
follows : 
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a.  design  of  appropriate  materials. 

b.  production  of  test  runs  of  several  hundred  yards  of  Kevlar  cloth. 

c.  lamination  of  the  Kevlar  cloth  with  layers  of  mylar. 

d.  testing  of  the  production  material. 

e.  construction  of  small  prototypes. 

f.  flight  of  small  prototypes. 

g.  construction  of  mid-size  prototypes. 

h.  flights  of  the  mid-sized  prototypes. 

i.  design  of  the  operational  ATMOSAT  complete  with  ballonet 
system  to  allow  full  inflation,  leak  test  and  pressure  test  prior  to  launch. 
The  operational  ATMOSAT  is  launched  fully  inflated  and  valves  air  during 
the  ascent,  assuring  a leak  free  balloon  upon  arrival  at  ceiling. 

The  first  eight  steps  (a  through  h)  have  now  been  accomplished,  the  final 
step  is  still  to  be  undertaken.  It  appears  that  only  allocation  of  government 
funding  now  stands  in  the  way  of  an  operational  ATMOSAT. 


3.  PRELIM1MARY  FLIGHT 

In  order  to  measure  the  superpressure  induced  by  supertemperature  at 

the  100  mb  level,  a flight  was  conducted  from  the  French  site  at  Kourou, 
French  Guyana.  Kourou  was  chosen  in  order  to  allow  inflation  and  pres- 
surization of  the  test  ATMOSAT  at  the  coldest  possible  ambient  temperature 
(-803 * * * * 8C)  and  to  subject  the  balloon  to  the  most  difficult  IR  radiation 

envi  ronment. 

The  first  prototype  ATMOSAT  was  not  large  enough  to  fly  in  the  strato- 
sphere by  itself.  It  was  towed  by  a 10-meter  mylar  balloon  which  provided 

the  lift  needed  to  float  the  ensemble  at  an  altitude  of  approximate- ly 
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15,  600  meters.  The  sketch  in  Figure  2 shows  (from  top  to  bottom);  the 
10-meter  tow  balloon,  the  tow  balloon's  telemetry  payload  and  battery 
package,  the  ATMOSAT  (shown  more  inflated  than  was  actually  the  case), 
and  the  ATMOSAT's  telemetry  payload  and  battery  package.  Figure  3 shows 
two  ATMOSATs  under  static  test. 

Once  airborne,  control  of  the  flight  was  transferred  from  the  launch 
site  to  the  Control  Center.  The  flight  was  followed  by  the  missile  tracking 
radars  and  by  one  of  the  range  cine  theodolite  s . Radar  data  was  processed 
and  displayed  on  the  plot  boards  in  the  Control  Center  in  real  time. 

Figure  4 shows  the  altitude  profile  of  the  flight  during  the  ascent  and  initial 
period  at  ceiling.  The  cinetheodolite  provided  real  time  television  photog- 
raphy of  the  system  during  ascent.  At  an  altitude  of  some  5000  meters  the 
cinetheodolite  was  slaved  to  the  radar  in  order  to  determine  the  part  of  the 
flight  train  that  the  radar  was  following.  The  test  clearly  showed  that  the 
radar  was  solidly  locked  onto  the  reflection  from  the  ATMOSAT  and  was 
not  perturbed  by  reflections  from  the  carrier  balloon  or  the  other  payloads. 

The  trajectory  of  the  flight  is  shown  in  Figure  5.  A leak  in  the  carrier 
balloon  caused  it  to  steadily  lose  superpressure  and  to  fall  in  the  late  after- 
noon. This  leak,  apparent  from  the  carrier  superpressure  data,  was  a 
considerable  disappointment  as  it  precluded  a long  life  for  the  system,  and 
deprived  the  test  team  of  nocturnal  thermal  data. 

Returning  to  the  system  in  flight.  Figures  6 through  9 show  the 
following  telemetered  data: 

a.  Air  temperature  measured  at  both  nacelles. 

b.  Gas  temperature  of  each  balloon. 

c.  Superpressure  of  ATMOSAT. 

d.  ATMOSAT  skin  temperature. 

Several  preliminary  observations  of  the  thermal  evolution  of  this  flight 
can  be  made: 

a.  The  daytime  superheat  was  as  computed  for  an  envelope  having 
y = 0.88,  e = 0.40.  For  identical  daytime  conditions  the  positive 
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Figure  2.  Artist's  Concept  of  the  ATMOSAT  Ascending 
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Righthand  ATMOSAT  is  filled  with  air  and  hung 
from  the  overhead  crane,  lefthand  unit  (Flight 
Model)  is  filled  with  helium  and  tethered  to  the 
reliable  table. 


Figure  3.  Two  3.5-Meter  ATMOSATS  Under 
Static  Test  at  Kourou 


Figure  4.  Flight  of  3.5-Meter  ATMOSAT,  Radar 
Altitude  Over  First  Two  Hours  of  Flight 
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Figure  5.  Flight  of  3.5-Meter  ATMOSAT,  Flight  Trajectory 


superpressure  of  the  three  types  of  balloon  envelopes  used  during  this 
flight  campaign  were  approximately: 

1.  ATMOSAT  +45°C 

2.  1 30p  Mylar  +32°C 

3.  46p  Mylar  +20°C 

If  each  were  to  run  at  -20°C  supertemperature  at  night  (nominal 
value),  then  the  nominal  day-night  swings  would  be  65°C,  52°C,  and  40°  C 
respectively.  The  thermal  penalty  paid  by  the  opaque  ATMOSAT  is,  there- 
fore, small  compared  with  the  gain  in  envelope  strength. 

b.  The  cruise  superpressure  of  the  ATMOSAT  was: 

1.  c;125  mb,  if  the  calibration  curve  of  the  supern 
pressure  sensor  is  used;  or 

2.  xl00-110  mb  if  the  weigh-off  calculation  and  super- 
heat data  is  used. 

Both  sets  of  data  show  that  the  superpressure  was  in  excess  of 
100  mb  all  day.  The  superpressure  sensor  data  showed  that  there  was  no 
measurable  leak  during  the  eight  hours  of  cruise. 

The  prototype  ATMOSAT  clearly  performed  as  intended. 

Two  3.5-meter  prototype  balloons  were  used  for  proof  pressure  testing. 
The  first  one,  made  entirely  of  the  Kevlar  composite  fabric,  was  tested  to 
destruction  at  365  mb  superpressure;  the  rupture  originated  in  the  Kevlar 
end  cap.  The  second  prototype  was  made  of  the  Kevlar  composite  in  the 
gores  but  had  aluminum  end  caps  identical  to  the  ones  used  on  the  subse- 
quent 10-meter  ATMOSAT.  It  was  subjected  to  a 24-hour  test  at  300  mb 
and  passed  without  incident. 

4.  THE  10-METER  ATMOSAT  “AMERICA” 

Due  to  the  high  cost  of  a 10-meter  ATMOSAT,  it  was  decided  to  make 
the  balloon  recoverable,  flying  it  repeatedly  at  low  altitude  in  a manned 
configuration,  and  making  such  observations  both  during  and  after  each 
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flight  as  would  be  needed  to  evaluate  the  performance  of  the  materials, 
the  balloon,  launch  and  flight  techniques,  etc. 

The  balloon  and  gondola  comprises  a 18-meter  tall  structure  with  a 
volume  of  525  cubic  meters,  and  a total  weight  of  some  575  kg. 

The  balloon  is  inflated  through  a flexible  tube  attached  at  the  base. 
Superpressure  is  limited  to  50  mb  before  flight  and  40  mb  inflight. 

4.1  Right  Configuration 

The  flight  train  is  shown  in  Figure  10.  The  gas  valve  at  the  balloon 
crown  (Figure  11)  is  a 24-inch  diameter  dc  motor  driven  balloon  valve, 
similar  to  that  flown  on  stratospheric  balloons.  The  balloon  superpressure 
is  visually  monitored  onboard  by  means  of  a pressure  gauge  connected  to 
an  air  hose  leading  to  the  balloon.  The  superpressure  can  be  reduced  bv 
manual  action  of  the  mechanical  valve  at  the  lower  end  of  that  hose. 

Figures  12  through  14  show  the  balloon  in  various  stages  of  inflation  and 
launch.  Figure  15  shows  the  balloon  fully  pressurized  and  partially  depres- 
surized at  the  bottom  of  a thermal  induced  downdraft. 

The  electrical  bundle  descending  from  the  balloon  contains  the  command 
lines  for  the  24-inch  helium  valve  and  the  sensor  lines  from  thermistors 
inside  the  balloon  that  measured  skin  and  gas  temperatures.  The  measure- 
ments are  manually  recorded  following  a pre-planned  program  for  each 
flight.  A schematic  of  the  placement  of  the  thermistors  is  shown  in 
Figure  16. 

A typical  set  of  measurements  includes: 

a.  Balloon  location 

b.  Balloon  altitude  (and  rate  of  climb,  if  any) 

c.  Balloon  superpressure 

d.  Each  skin,  gas,  and  air  temperature  sensor 

e.  Photos  (still  and  motion)  of  surrounding  clouds  and  ground 

f.  Comments  of  observer  (written  or  dictated  into  a cassette) 

g.  Balloon- sun  azimuthal  angle  and  rate  of  rotat:  >n 
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Figure  10.  10-Meter  ATMOSAT  Flight  Train 
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Figure  12.  Balloon  Stretched  Out  Prior  to  Inflation 


Note  small  area  required.  Any  baseball  diamond, 
small  parking  lot,  or  vacant  field  of  20  X 20  meters 
would  be  sufficient  for  layout  and  inflation. 
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Figure  14.  The  AMERICA  Over  the  Pacific  Shore  July  2,  1976 


The  balloon  is  launched  fully  pressurized,  thereby  flying 
stably  from  the*  very  start. 
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A typical  flight  would  make  a series  of  these  observations  at  each  of  a set 
of  discrete  altitudes,  as  shown  in  the  subsequent  data. 


4.2  Gondola  Equipment 
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To  perform  the  low  altitude  flights,  the  gondola  was  equipped  with  the 
following  flight  systems: 

a.  Flight  Control  System 

1.  Aircraft  Com/Nav  set 

2.  Aircraft  transponder 

3.  Pressure  altimeter 

4.  Rate-of-climb  indicator 

b.  Balloon  Technology  System 

1.  Balloon  superpressure  gauge 

2.  Helium  valve  control  unit 

3.  Thermistor  readout  meter 

4.  Cameras,  log  books,  data  sheets,  and  procedures 

c.  Power  systems  - Three  independent  sources  of  dc  power  to 
energize  all  systems  using  lithium  cells. 

During  flights  one  and  two,  a 48-kg  wicker  gondola  was  used.  In  the 
interest  of  saving  weight,  a Kevlar/ aluminum  gondola  weighing  30  kg  was 
designed  and  used  for  flight  three.  A photograph  of  the  new  gondola  is  shown 
in  Figure  17. 


4.3  Flight  Testing 

Three  flights  have  been  made  to  date  and  are  summarized  in  Table 
During  each  of  these  flights,  the  authors  of  this  paper  have  acted  as  the 
flight  crew  of  the  vehicle. 
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Table  1 . Flight  Summary- 


Flight  1 

Flight  2 

Flight  3 

2- 18-76 

4-18-76 

7-2-76 

Los  Angeles, 
California 

San  Angelo, 
Texas 

Los  Angeles, 
Califo  rnia 

Lukeville, 

Arizona 

Goodland , 
Kansas 

Death  Valley, 
Califo  rnia 

30  Hr,  24  Min. 

31  Hr,  44  Min. 

32  Hr,  30  Min. 

6300 

7700 

8300 

559.  2 km 

1088  km 

323.  2 km 

712  km 

1 6 1 6 km 

504  km 

i i 

T.  F.  Heinsheimer  - Pilot 

P.  C.  Neushul  - Co-Pilot  and  NAA/FAI  Observer 

Launch  date 
Launch  Location 

Landing  Location 

Flight  Duration 
Highest  Altitude  (ft  MSL) 
Straight  Line  Distance 
Distance  along  trajectory 
C re  w 


Flight  1 lifted  off  from  Rancho  Palos  Verdes,  a suburb  of  Los  Angeles, 
California,  hovered  at  low  altitudes  in  the  immediate  area  for  the  first  six 
hours,  and  then  started  its  flight  south  along  the  California  coast.  It  traveled 
over  the  mountains  of  Baja,  California,  crossed  the  gulf  of  California  into 
northern  Sonora  and  landed  50  yards  inside  the  U.S.  border  at  Lukeville, 
Arizona. 

Flight  2 lifted  off  from  San  Angelo,  Texas.  It  traveled  initially  in  a 
southeast  direction  at  low  altitude.  After  ascending  to  a higher  altitude  the 
trajectory  turned  south  to  west  and  finally  to  a northwest  direction.  Around 
local  noon  of  the  second  day,  a deterioration  in  the  weather  occurred.  A 
serious  squall  line  appeared  in  the  west  and  when  the  lightning  was  within 
three  to  four  miles  a descent  was  initiated  by  the  balloon  itself  due  to  extreme 
cooling  of  the  helium.  The  balloon  landed  smoothly  in  a wheat  stubble  field 
outside  Goodland,  Kansas. 
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Flight  3 lifted  off  from  Rancho  Palos  Verdes,  making  three  passes 
over  the  Los  Angeles  basin  in  a simulation  of  a future  smog  and  pollution 
monitoring  experiment.  The  balloon  landed  in  Death  Valley  just  outside  of 
Furnace  Creek,  California.  Trajectory  maps  of  the  three  flights  are  shown 
in  Figures  18,  19  and  20.  Figures  21  through  23  show  weather  conditions 
and  some  of  the  terrain  flown  over  during  the  three  flights.  Figure  24  shows 
the  recovery  of  the  balloon  after  flight  three. 

4.4  Flight  Data 

Figures  25  through  28  show  some  of  the  data  manually  collected  during 
the  three  flights.  Solar  elevation  angle  (Figure  29)  is  given  for  reference. 

The  curves  in  Figure  25  show  the  gas  quantity  in  Standard  Cubic  Meters 
during  each  flight.  The  steeply  descending  portions  of  the  data  are  due  to 
altitude  changes  (as  shown  in  Figures  26),  which  require  manual  venting  to 
keep  the  superpressure  (Figure  27)  within  limits.  The  flat  portions  show 
the  gas  retention  capacity  of  the  balloon  in  the  absence  of  intentional  helium 
venting.  Performing  this  computation  inflight  provides  the  crew  with 
assurance  that  the  balloon  is  gas-tight;  an  important  factor  in  long  duration 
manned  flights,  particularly  when  flying  over  areas  such  as  congested  urban 
areas  where  landing  is  impossible. 

A nocturnal  supertemperature  of  -8°C  during  each  flight  is  shown  in 
Figure  28.  The  daytime  supertemperature  is  increasing  from  flight  to 
flight,  doubtlessly  due  to  the  decreasing  solar  reflectivity  of  the  balloon 
skin.  The  multiple  foldings  between  flights  and  the  dust  accumulating  on 
the  surface  are  the  causes  of  this  loss  of  reflectivity. 

The  curves  of  Figures  30  and  31  show  the  flight  3 skin  temperatures 
down  a gore  and  around  the  equator.  Note  that  at  night,  as  per  theory,  the 
gore  temperature  decreases  regularly  as  one  advances  upwards  from  the 
south  pole.  During  daytime  the  temperatures  are  scattered  due  to  balloon 
rotation  with  respect  to  the  solar  azimuth.  The  equatorial  differences  are 
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Figure  18.  Trajectory  of  1 st  ATMOSAT  Launch  Feb.  18-19,  1976 
(All  times  in  PST:  GMT  -8) 
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Figure  19.  Trajectory  of  2nd  ATMOSAT  Launch  April  18-19,  1976 
(All  times  in  GMT:  CST  +6) 
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Sierra  DeLaTinaia  Mountains 
Sonora,  Mexico,  1340  GMT 


Puerto  Penasco  Sonora,  Mexico,  1810  GMT 


Inflight  Weather  and  Terrain 
(continued  1 


Figure  21 
Flight  On 


Figure  22,  Terrain  and  Weather  Conditions  During  Initial 
Hours  of  First  Day  - Flight  Two 
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Torrance  Industrial  Area  - 19:10  GMT  July  2 


Figure  23.  Inflight  Weather  and  Terrain  - 

Flight  Three 
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Figure  24.  Flight  Three  Balloon  Recovery 
Death  Valley  - July  4,  197  6 
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Figure  25.  Inflight  Gas  Quantity  - Flights  1,  2,  and  3 


DATA  SHOWS  THE  ALTITUDE  AS  NOTED  FROM  DATA  LOGS 


Figure  27.  Superpressure  History  - Flights  1,  2,  and  3 
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TEMPERATURES  ALONG  GORE  6 


Figure  31.  Temperature  Along  Gore  6 and  Gore  18  on  ATMOSAT  Flight  3 
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are  zero  at  night  (as  would  be  expected),  with  peaks  of  about  +8°C  during 
morning  and  evening  hours. 

Figure  32  shows  the  barograph  trace  of  flight  one.  Note  the  extreme 
altitude  stability  during  the  superpressurized  portion  of  the  flight. 

These  data  are  a small  portion  of  the  total  collected  during  the  three 
manned  flights.  They  demonstrate  the  capacity  of  manned  balloons  to  take 
extensive  day/night  measurements  of  balloon  characteristics  at  very  low 
cost. 

5.  CONCLUSIONS 

The  four  ATMOSAT  flights  have  demonstrated  that  the  concept  of  a 
Kevlar/Mylar  balloon  is  realistic,  and  that  a large  superpressure  sphere 
capable  of  carrying  a one-ton  payload  at  100  mb  for  a year  is  feasible.  In 
addition,  the  development  of  the  manned  superpressure  balloon  is  in  itself 
an  advance  in  that  it  provides  a platform  for  low  altitude  pollution  monitoring 
flights  having  many  attractive  attributes.  Some  of  these  attributes  are: 

a.  Cost.  Low  recurring  cost  due  to  the  reusable  nature  of  the 
balloon.  Flights  of  several  days  duration  are  possible  for  costs  under 
$ 5, 000. 


b.  Launch 


1 . 

The  entire  system  can  be  easily  transported  for 
launch  anywhere. 

i. 

t 

2. 

Can  be  inflated  and  launched  from  a 20  X 20  meter 
area  nearly  anywhere  in  the  country. 

f 

3. 

It  can  be  inflated  in  winds  up  to  10  knots  and  stored 
fully  inflated  (and  launched)  in  winds  up  to  20  knots. 

[ 

| 

c . 

Flight 

1. 

Carries  some  50  kg  of  scientific  equipment  (or  150  kg 
with  one-man  crew). 

i 

2. 

Performs  with  stability  unique  to  superpressure  balloons. 

3. 

Flights  of  several  days  are  nominal. 
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HOURS  IN  (LIGHT 


Figure  32.  ATMOSAT  Flight  1 Tracing  of 
NAA  Barograph  Record 


4.  Fully  compatible  with  all  FAA  regulations  for  flight 
anywhere  in  the  United  States,  vehicle  has  FAA 
experimental  airworthiness  certificate,  crew  are 
fully  licensed  pilots. 

It  is  hoped  that  the  manned  ATMOSAT  will  have  an  application  of  smog 
studies  and  related  environmental  research  in  the  next  several  years. 
These  developments  and  the  progress  toward  the  high  altitude  unmanned 
ATMOSAT  will  be  reported  upon  at  the  next  AFGL  Scientific  Balloon 
Sympo  sium. 
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10.  Supported  Film  Superpressjre  Balloons 
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Texas  A&M  University 
College  Station,  Texas 

and 
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Winzen  Research  Inc. 
South  St.  Paul,  Minnesota 


Abstract 


The  factors  influencing  the  design  and  analysis  of  supported  film  balloons 
are  discussed.  The  results  of  a design  stud/  are  presented,  and  it  is  concluded 
that  the  supported  film  superpressure  concept  is  feasible. 

I.  I YI'RODl  CTION 

In  the  past  several  years,  the  user  community  has  expressed  considerable 
interest  in  the  development  of  a balloon  capable  of  lifting  500  pounds  of  payload 
to  a constant  float  altitude  of  130,000  feet  for  sixty  to  ninety  days.  Such  a 
long  duration  balloon  platform  not  only  would  permit  the  scientist  to  conduct  long 
term  experiments  at  altitude  but  also  should  greatly  reduce  the  cost  per  data 

* Associate  Professor,  Aerospace  Engineering  Dept. 

**  Director  of  Engineering 


point.  One  approach  to  this  problem  is  to  use  the  superpressure  concept,  and  since 

|R 

Stratofi  lm-’ polyethylene  has  exhibited  high  -eliability  and  excellent  handling 
characteristics,  it  might  be  desirable  to  manufacture  such  a balloon  with  it  or 
some  similar  film.  Unfortunately,  if  the  near  spherical  unsupported  shape  used 
in  small  superpressure  balloons  were  used,  tne  film  stresses  would  be  unacceptably 
large  due  to  the  large  radius  of  the  balloon. 

As  a consequence,  Winzen  Research  Inc.  has  developed  the  concept  of  the  sup- 
ported film  superpressure  balloon.  In  this  design,  as  shown  on  Figure  1,  each  gore 
has  load  tapes  and  a network  of  zigzag  lines  to  restrain  the  gas  barrier.  Tiis 
pattern  forms  on  each  gore  a series  of  triangular  or  rectangular  panels  which  under 
superpressure  have  small  radii  of  curvature  and  hence  low  stress  levels.  In  this 
concept,  the  meridional  and  circumferential  stresses  induced  by  the  superpressure 
and  suspended  loads  are  primarily  withstood  ay  the  tapes  and  lines;  and  the  panels 
serve  mainly  as  a gas  barrier. 

Initial  studies  of  this  concept  were  conducted  by  WRI  in  1969-1  170  under 
NASA/MSC  sponsorship  (Winzen  Research  Inc.,  1970).  Several  balloons,  ranging 
in  diameter  from  21  ft.  to  80  ft.,  were  manufactured  and  inflation  tested;  and 
two  balloons  having  rectangular  panels  were  actually  flight  t/'  red.  As  a con- 
sequence major  refinements  in  the  design  concept  were  developed.  For  example, 
it  was  determined  that  triangular  panels  were  better  than  rectangular  ones  fn,u; 
both  a flight  and  a manufacturing  standpoint  and  that  a gore  panel  pattern  com- 
posed of  equal  area  triangles  was  promising.  In  addition,  it  was  determined  that 
the  biaxial  panel  stresses  needed  to  be  below  the  film  yield  strength  in  order 
to  minimize  creep,  that  the  load  lines  and  tapes  should  have  low  elongation 
properties,  and  that  some  type  of  device  was  needed  at  the  line-tape  junctions  to 
prevent  slippage  of  the  net. 

In  1974  interest  was  renewed  in  the  supported  film  superpressure  balloon 
concept,  due  primarily  to  the  desire  of  the  scientific  community  to  have  a long 
duration  balloon  platform  and  due  to  the  introduction  of  aramid  fibers.  The  latter 
appeared  to  have  properties  which  could  lead  to  the  development  of  high  strenqth, 
light  weight,  low  elongation  load  lines  and  tapes.  Thus,  a series  of  studio  wore 
conducted  by  researchers  at  Texas  A&M  Univer.ity  an  I by  WRI.  The  objective  of  the 
TAMU  research  was  to  refine  and  if  necessary  develop  preliminary  engineerinu  an- 
alysis and  design  methods  for  supported  film  superpressure  balloons,  whtlr 
purpose  of  the  WRI  effort  was  to  study  new  nnterials  and  conduct  a design  feas- 
ibility investigation.  This  paper  sunniari zes  the  results  of  the  - ladies. 
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Obviously  the  shape  of  a free  superpre^sure  balloon  is  determined  by  the 
effects  of  payload,  film  weight,  tape  and  line  weight,  top  and  bottom  end  fittings, 
number  of  gores,  and  the  amount  of  superpresiure.  In  addition,  the  shape  of  a 
supported  film  balloon  depends  upon  the  zigzag  network  design  and  panel  configura- 
tion. One  of  the  results  of  the  present  effort  has  been  the  development  of  an 
integrated  computer  design-analysis  program  vhich  includes  tn e effects.  For  a 
given  altitude-payload  combination  this  program  determines  the  stress,  i balloon 
shape  at  float,  automatically  designs  the  network  and  panel  configuration,  and 
computes  the  resultant  line  and  tape  loads  and  the  stress  distribution  in  each 
panel.  Finally,  it  determines  the  dimensions  to  which  the  gore  panels  must  be 
manufactured. 

This  program  has  been  used  to  study  several  of  the  parameters  which  are  im- 
portant to  the  problem.  For  example,  it  has  been  determined  that  in  the  trian- 
gular panels  the  magnitude  of  the  maximum  stress  is  proportional  to  the  panel  area 
and  remains  relatively  constant  for  a given  panel  size.  However,  for  a given  area, 
the  maximum  stress  is  minimum  for  an  equilateral  traingular  panel  and  is  maximum 
for  a height  to  base  ratio  of  about  0.5.  In  addition,  it  has  been  noted  that  the 
point  of  maximum  deflection  is  not  necessarily  the  point  of  maximum  stress,  which 
is  usually  on  the  panel  boundaries  and  not  in  the  middle. 

The  program  has  also  been  used  to  examine  various  zigzag  network  designs. 

Such  patterns  must  meet  several  requirements.  First,  each  panel  must  be  small 
enough  to  withstand  the  balloon  superpressura;  and,  second,  the  network  should 
result  in  the  lightest  and  smallest  balloon  possible.  One  of  the  first  designs 
studies  was  one  in  which  each  traingular  panel  had  the  same  apex  angle.  The  idea 
was  that  since  the  meridional  and  circumferential  stresses  were  equal  over  a large 
portion  of  the  balloon,  such  a pattern  would  permit  the  lines  and  tapes  to  be 
equally  loaded  at  intersection  points.  While  this  turned  out  to  be  true,  it  led 
to  many  small  panels  near  the  end  of  the  balloon. 

Several  other  designs  were  investigated,  and  it  was  finally  determined  that 
the  equal  area  triangular  panel  concept,  first  conceived  by  WRI  based  upon  their 
experiments,  was  near  optimum.  In  addition  the  corresponding  optimum  balloon 
shape  for  maintaining  proper  panel  stresses  and  network  loads  was  not  a sphere  but 
a slightly  oblate  spheroid. 

Now  in  order  to  actually  design  a balloon  with  the  integrated  program,  the 
mechanical  properties  of  the  various  materials  need  to  be  known.  As  a result. 
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WRI  has  conducted  an  extensive  investigation  of  various  films  and  fibers.  This 
study  has  included  Stratofi  lilt-' polyethylene  film.  Nylon  12  (Stratofi  lin^  N)  film, 
polyester  load  tapes  and  lines,  and  arainid  load  tapes  and  lines.  In  all  cases  the 
material  properties  have  been  determined  from  either  past  or  present  experiments. 
In  particular,  it  should  be  noted  that  aramid  fiber  load  tapes  and  braided  lines 
have  actually  been  constructed  and  tested. 


.1.  DESIGN  FEASIBILITY  STUDIES 

Using  the  design  computer  program  and  material  data  mentioned  above,  a series 
of  feasibility  studies  were  conducted  for  th ; National  Scientific  Balloon  Facility 
for  four  combinations  of  materials.  These  were:  (1)  Nylon  12  film  (Stratofi  lm^ 

N)  with  arainid  lines  and  tapes,  (2)  Nylon  12  film  with  polyester  lines  and  tapes, 

1(3  1 /D 

(3)  Stratofi  lnr^ polyethylene  with  aramid  lines  and  tapes,  and  (4)  Stratofilm- 
polyethylene  with  polyester  lines  and  tapes.  Stratofi  In)-'  and  polyester  lines  and 
tapes  were  considered  because  of  their  well-known  excellent  properties  and  their 
current  availability,  while  aramid  lines  and  tapes  were  included  because  of  their 
light  weight,  high  strength,  and  low  elongation  characteristics.  Of  the  film 
materials,  Nylon  12  is  very  attractive  becau.e  of  its  high  yield  strength,  abrasion 
resistance,  and  heat  sealibility,  even  though  consistent  resin  is  not  currently 
available.  However,  the  latter  problem  can  probably  be  overcome  if  sufficient 
demand  exists. 

In  order  for  the  balloon  to  accomplish  the  objective  of  maintaining  a constant 
float  altitude  of  130,000  feet,  it  must  contain  sufficient  gas  to  just  maintain 
superpressure  when  the  gas  is  at  its  coldest  temperature.  This  condition  occurs 
on  cloudy  nights,  when  the  clouds  block  the  warming  infrared  radiation  from  the 
earth  and  lower  atmosphere,  and  it  determines  the  required  balloon  freelift. 
Conversely,  the  maximum  superpressure  will  occur  when  the  lifting  gas  is  hottest, 
which  happens  when  the  earth  is  overcast  during  the  daytime  and  the  albedo  effect 
is  large.  Obviously,  the  latter  is  the  design  condition  for  a superpressure  balloon. 

Unfortunately  the  thermal  radiation  properties  of  balloon  films  are  not 
well  known.  For  example,  absorptivity  (n)  to  emissivity  (c)  ratios  for  polyethylene 
range  from  0.15  to  0.54.  Recent  evidence  from  both  laboratory  and  flight  measure- 
ments indicate,  however,  that  values  for  »/e  of  .084/. 286  may  be  appropriate; 
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and  these  values  were  used  in  the  present  study  for  Stratofi  lm  -"'polyethylene. 

Even  less  is  known  about  Nylon  12.  Estimate;  for  a range  from  0.082  - 0.13 
and  for  c from  .582  to  0.60.  For  this  study  the  values  0.13  and  0.60  were  used 
for  Nylon  12. 

Balloons  using  the  four  material  combinations  were  subsequently  designed 
by  WRI  for  NSBF,  individually  optimized,  and  then  compared.  It  was  determined  that 
the  Stratofi  liii-  with  polyester  lines  and  tapes  was  impractical  due  to  its  large 
size  and  cost  and  that  the  Nylon  12  polyester  support  net,  while  feasible,  also 
yielded  a very  large  balloon.  The  results  for  the  remaining  combinations  arz 
shown  on  Table  1,  and  the  shapes  are  depicted  on  Figure  2. 


Table  1.  Supported  Film  Superpressure  Balloon  Characteristics 
(500  pounds  to  130,000  feet) 


Nylon  12  film 

Stratofi  lnr^  Polyeth  zlene 

Aramid  line  & 

Aramid  line  and  taoe 

tape;  Safety 

Safety  Factor 

Safety  Factor 

factor  of  3 

of  3 

of  2 

Max.  Day  Temp. , aK 

255.5 

268.8 

: 

268.8  | 

Min.  Night  Temp.  , °K 

199.4 

204.3 

204.3 

Superpressure,  mb 

0.85 

0.95 

0.95 

Film  thickness,  mil 

0.45 

1.0 

1.0 

Volume,  10  ^ ft^ 

6.29 

15.76 

12.53 

Diameter,  ft. 

243.8 

327.9 

297.1 

Gores 

120 

320 

230 

Panel  area,  ft 

20 

4 

6 

Film  factor  of  safety 

1.74 

1.51 

1.30 

The  safety  factors  of  two  and  three  refer  to  the  rated  loads  of  the  lines 
and  tapes  relative  to  the  actual  maximum  loads  encountered.  These  large  factors 
have  been  used  because  experimental  evidence  (Boone,  1975)  indicates  that  when 
aramid  cords  are  loaded  to  say  eighty  percent  of  their  rated  load  they  fail  with- 
in an  hour  due  to  creep.  On  the  other  hand,  if  they  are  loaded  to  only  fifty 
percent  or  less  of  the  rated  load,  they  last  indefinitely.  In  addition,  ultra- 
violet radiation  may  also  cause  some  degradation  in  the  strength  of  the  aramid 
lines  and  tapes.  Thus,  the  conservative  factors  of  two  and  three  have  been  used. 
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In  Table  1 notice  that  the  panel  area  for  the  Nylon  12  case  is  five  times 
the  area  for  the  corresponding  polyethlene  balloon.  This  large  panel  size  is 
possible  because  of  the  higher  yield  strengtn  of  nylon  film;  and  as  can  be  seen 
on  Figure  2,  it  leads  to  a considerably  smaller  balloon.  Also,  the  film  factor 
of  safety,  which  is  defined  as  the  film  yield  stress  divided  by  the  maximum  stress, 
is  higher  for  the  nylon  case. 

While  all  three  designs  are  practical,  these  results  indicate  that  the  Nylon 
12  aramid  line  and  tape  combination  is  superior.  Thus,  only  this  case  will  be 
discussed  in  detail  in  this  paper. 

An  important  item  in  the  success  of  the  design  is  the  variation  of  the  line 
and  tape  loads  along  the  gore,  and  this  variation  is  shown  on  Figure  3 for  the 
Nylon  case.  Since  the  variation  from  the  balloon  equator  to  the  top  is  similar 
to  the  bottom,  only  the  lower  half  results  are  plotted.  Also  the  line  loads  for 
gore  lengths  greater  than  100  feet  are  not  shown  in  Figure  3 since  they  would 
coincide  with  the  tape  load  points.  Notice  that  all  the  loads  are  le  .s  than 
one-third  the  rated  load  and  that  the  variation  is  smooth.  Thus,  from  the 
standpoint  of  the  line-tape  loads  the  Nylon  12  aramid  network  design  is  quite 
feasible. 

Now  as  indicated  in  the  Introduction  the  purpose  of  the  triangular  panels 
is  to  locally  reduce  the  film  radius  of  curvature  and  to  decrease  the  film  stresses. 
As  can  be  seen  on  Figure  4,  which  is  for  a panel  near  the  equator  of  the  Nylon  12 
balloon,  the  panel  centerline  does  indeed  pillow  out  from  the  unsupported  sphere 
shape  and  appears  to  have  a lower  radius  of  curvature.  Notice  that  the  vertical 
scale  is  greatly  exagerated  compared  to  that  of  horizontal  axis. 

Figure  5 depicts  the  same  panel  and  shows  that  the  maximum  film  stresses 
are  quite  acceptable.  Notice  that  the  maximums  occur  on  the  panel  boundary 
even  though  the  maximum  deflection  is  near  toe  centroid.  Also,  all  the  stresses 
are  well  below  the  predicted  film  yield  stress  and  less  than  one-fifth  of  those 
which  would  be  obtained  by  an  unsupported  shape  (i.e.  Ap  R/2t).  Thus,  the  design- 
analysis  model  shows  that  with  respect  to  panel  stresses  the  Nylon  12  aramid  net 
supported  film  superpressure  design  is  quite  feasible. 

Similar  analyses  have  been  performed  for  the  Stratofi  ln^  confi  gurati  ons  , and 
the  results  show  that  they  are  also  practical  from  a design  and  stress  level 
stand-point.  In  addition,  manufacturing  considerations  associated  with  all  Ihree 
configurations  have  been  studied  and  no  major  difficulties  are  anticipated.  How- 
ever, it  is  believed  that  it  would  be  desirable  to  use  protective  adhesive  patches 
under  each  junction  device  to  alleviate  any  shipping  abrasion  damage  and  to  use 


146 


a fabric  design  reefing  sleeve  during  launch  and  ascent  to  hold  the  balloon  in  a 

neatly  packed  configuration. 

'R 

Since  Stratof  i Ini  - polyethylene  film  is  currently  available  and  the  present 
study  shows  that  designs  using  it  are  practical,  the  question  naturally  arises 
as  to  why  the  interest  in  Nylon  12.  Figure  6 provides  the  answer.  Since  nylon 
film  is  considerably  stronger,  the  resultant  balloon  is  considerably  smaller.  Hence, 
it  is  easier  and  less  expensive  to  manufacture.  In  fact,  as  shown  on  Figure  6,  a 
Nylon  12  supported  film  superpressure  balloon  is  estimated  to  cost  only  39  per 
cent  of  a supported  film  polyethylene  balloon  of  equivalent  r* • 1 i ab i I > 1 v . Of  course, 
as  shown  by  the  safety  factor  two  case,  cost  can  also  be  reduced  by  lowering  the 
reliability  of  the  system.  However,  it  appears  there  is  much  to  be  gained  by  the 
development  of  a Nylon  12  balloon  film.  Finally,  it  should  be  noted  that  such  a 
film  could  also  be  used  in  zero  pressure  balloons. 
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4.  FUTURE  WORK 

While  the  above  design  studies  have  shown  that  the  supported  film  super- 
pressure concept  is  practical  and  feasible,  further  development  and  testing  would 
be  desirable  prior  to  commitment  to  a full  scale  flight  vehicle.  For  instance, 
ground  inflation  test  models  could  be  designed  which  would  test  the  various  com- 
ponents of  the  balloon  and  check  the  validity  of  the  design-analysis  model. 

An  example  of  a possible  test  balloon  is  depicted  on  Figure  7.  This  partic- 
ular model  is  designed  to  have  in  its  tapes  and  lines  the  same  loads  and  load  dis- 
tribution as  the  flight  balloon.  Thus,  it  could  be  used  to  test  the  lines, 
tapes,  junction  devices,  end  fittings,  etc.  that  would  actually  be  used  on  the 
flight  vehicle.  Further,  by  noting  the  deployment  characteristics  and  shaoes, 
information  concerning  the  ascent  characteristics  of  the  supported  film  network 
could  be  obtained. 

In  order  to  simulate  the  line-tape  flight  loads  in  such  a small  radius 
ground  test  balloon,  the  internal  pressure  has  to  be  very  high  and  the  gas  bag  has 
to  be  very  strong.  Thus,  for  the  balloon  in  Figure  7,  it  is  composed  of  three 
layers  of  three  mil  Stratofi Ini- wi th  very  small  triangular  panels,  and  obviously 
the  flight  panels  are  not  simulated.  However,  a second  inflation  balloon  could  be 


designed  of  similar  dimensions  which  would  properly  test  the  balloon  film  and 
panel  design. 
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Other  areas  which  require  further  investigation  are  the  radiative  absorp- 
tion and  emission  characteristics  of  balloon  films,  lines,  and  tapes,  since  these 
strongly  affect  the  temperatures  of  the  balloon  gas  and  components  and  hence  ttie 
superpressure  and  material  properties.  In  addition,  the  effects  of  long  term 
utlra-violet  radiation  upon  balloon  materials  while  in  a high  altitude  environ- 
ment needs  to  be  established. 

Finally,  a lightweight  junction  device  needs  to  be  developed  and  tested.  At 
the  present  time  such  a development  and  test  program  is  in  progress  at  Texas  A&M. 


5.  CONCLUSIONS 

One  approach  to  the  500  lbs  at  130,000  ft  long  duration  platform  problem  is 
the  supported  film  superpressure  balloon.  This  concept  has  been  investigated  and 
shown  to  be  feasible.  A typical  design  would  use  Nylon  12  film  with  an  aramid 
line-tape  support  network  and  would  be  'about  6.3  million  cubic  feet. 
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Abstract 


During  the  development  phase  of  the  Family  II  balloon  program  it  became  ap- 
parent that  the  initial  series  of  balloons  had  tails  that  were  too  heavy  and  had 
excessive  leakage.  A new  tail  was  designed  consisting  of  a spanwise  series  of 
graduated  circular  tubes  to  form  an  aerodynamically  shaped  surface.  From  the  initial 
tests  it  would  appear  that  this  design  met  all  the  criteria  established  for  it: 
reduced  weight,  low  leakage  rate,  and  ease  of  construction;  however,  during  the 
design  verification  tests,  it  was  revealed  that  the  leading  edge  of  the  tail  fins 
distorted  severely  in  high  winds.  This  distortion,  which  could  possibly  lead  to 
balloon  instabilities  or  structural  failure,  was  caused  by  the  inability  of  the 
pressurized,  flexible  skin,  tubular  structure  to  maintain  its  shape  under  asym- 
metric pressure  loads.  The  analysis  of  how  this  distortion  occurs  and  methods 
to  overcome  it  are  presented  in  this  paper. 
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I.  IM'KODl  CTION 

The  (200,000  cu.  ft.)  Family  II  balloon  system  was  developed  to  provide  a 
stable  airborne  platform  for  military  applications  where  sensors  are  required  to 
operate  at  altitudes  up  to  10,000  feet  above  sea  level.  The  Family  II  balloons 
have  aerodynamical ly  shaped,  helium  filled  hulls  with  a forced-air  filled,  detach- 
able empennage.  During  the  development  phase  of  the  balloon  system  it  became  ap- 
parent that  the  empennage  of  the  initial  series  balloon  was  too  heavy  and  experienced 
excessive  air  leakage.  Both  of  these  conditions  reduced  the  capability  of  the  bal- 
loon to  achieve  its  design  payload-at-al titude  goals.  A second  series  of  balloons 
was  procured  with  a empennage  redesigned  for  reduced  weight,  minimized  air  leakage, 
and  simpler  construction. 

The  redesigned  empennage  consisted  of  a series  of  graduated  circular  tubes 
covered  with  a light-weight  fabric  envelope  to  form  an  aerodynamically-shaped 
surface.  The  new  empennage  was  approximately  20  percent  lighter  than  the  original 
design,  was  easier  to  manufacture,  and  had  a lower  air  leakage  rate.  During  the 
early  development  tests  of  this  second  series  of  balloons,  and  in  low  winds,  the 
newly  designed  tail  performed  as  expected.  However,  as  the  tests  progressed  and 
the  balloon  was  exposed  to  higher  winds,  the  leading  edges  of  the  tail  fins  dis- 
torted. This  distortion,  which  could  possibly  lead  to  balloon  instabilities  or 
structural  failure,  was  caused  by  the  inability  of  the  pressurized  fabric,  tubular 
structure  to  maintain  its  shape  under  asymmetric  aerodynamic  pressure  loads. 


v 
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2.  NOMENCLATURE 

Cp  aerodynamic  pressure  coefficient 

F leading  edge  resultant  load,  lb 

F reaction  force,  lb 

r 

F force  required  to  cause  the  tube  to  buckle,  lb 

y 

l tube  length,  ft 

2 

p external  pressure  lbs/ft 

2 

Po  internal  pressure,  lbs/ft 

2 

q aerodynamic  pressure,  lb/ ft 

R tube  radius,  ft 
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A 


V wind  velocity 

CO  J 

Xp  tube  displacement 

AP  (p-PQ) 

x angle  of  attack,  deg 

it  is  the  purpose  of  this  paper  to  describe  how  this  distortion  occurs  and 
to  recommend  a method  to  overcome  it. 

3.  TUBULAR  TAIL  DESIGN  RATIONALE 

The  design  of  a balloon  tail  based  on  inflated  tubular  construction  appears 
as  an  attractive  concept  because  of  its  potentially  lighter  weight,  ease  of  design 
load  calculation,  ease  of  manufacture  (no  complex  geometry)  reduced  manufacturing 
cost,  and  ease  of  maintenance  and  repair.  Balloons  have  been  manufactures  with 
tubular  tails  running  spanwise  (Figure  1)  and  chordwise  (Figure  2).  These  bal- 
loons were  used  successfully  to  support  various  payloads  (i.e.,  parachutists, 
nuclear  bombs). 

The  early  design  methods  are  reported  by  Brown  (1960,  1962),  Khalespskey 
(1945)  and  Anderson  (1951).  From  the  Anderson  study  the  design  load  can  be 
determined  from  Eq.  (1). 

(P-P0>  R3 

Fy  - — ir  — (stability)  (1) 

and  the  stress  in  the  membrane  material  is  calculated  from 

o = APR  . 

The  concept  utilizing  tubes  running  spanwise  was  used  on  the  second  series 
of  Family  II  balloons  primarily  as  a means  to  reduce  the  weight  and  the  leakage 
rate  of  the  inflated  tail  structure.  All  of  the  advantages  of  the  tubular  con- 
cept were  demonstrated  during  the  design,  static  testing,  and  manufacture  of  the 
tail.  The  initial  flight  tests  of  the  balloon  in  low  winds  (less  than  15  knots) 
indicated  that  the  tubular  tail  had  met  the  specified  design  criteria.  However, 
in  high  winds  (45  knots)  the  leading  edge  of  the  tail  distorted  severely  as 
shown  in  Figure  3 indicating  that  the  tubular  tail  could  not  withstand  high  asym- 
metric pressure  loads  which  could  lead  to  possible  balloon  instabilities  and 
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structural  failure.  An  examination  of  the  distortion  showed  how  this  distortion 
could  occur  and  how  it  could  be  eliminated. 
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The  loads  on  the  tail  structure  consist  of: 

• Internal  pressure  loads 

• Guy  wire  reaction  loads 

• Dead  weight  loads 

• Aerodynamic  pressure  loads 

• Aerodynamic  shear  (skin  friction). 

The  first  three  loads  are  static  loads  and  are  easily  determined  by 
static  analysis.  However,  the  aerodynamic  pressure  loads  are  more  difficult  to 
analyze.  The  pressure  distribution,  based  on  wind  tunnel  data,  over  the  horizontal 
fin  at  the  design  angle  of  attack  of  six  degrees  is  shown  in  Figure  4.  This  pres- 
sure distribution  is  shown  in  two  dimensions  along  one  fin  section  in  Figure  5 

along  with  the  general  layout  of  the  tubular  tail  structure  and  superimposed  on 
the  tubular  structure.  In  the  figure,  a single  envelope  fin,  reinforced  with 
vertical  ribs  is  outlined  with  dashed  lines. 

The  pressure  loads  on  the  horizontal  tail  fins  can  be  determined  by  adding 
vectorially  the  internal  and  external  aerodynamic  pressures  on  the  fin  surfaces. 

The  internal  pressure  in  the  fin  is  fixed  by  setting  the  pressure  relief  valves 
in  the  fin  [normally  at  5 to  7.8  IWG  (inches  of  water)  for  the  Family  II  balloons]. 

The  pressure  distribution  at  the  leading  edge  tube  of  the  fin  is  shown  in 
Figure  6 for  various  aerodynamic  pressures.  It  can  be  seen  that  this  pressure 
distribution  can  be  correlated  to  the  distortion  of  the  leading  edge  as  shown  by 
comparing  Figure  3 and  Figure  4. 

An  understanding  of  the  deformation  conditions  can  be  obtained  by  examining 
the  leading-edge  tube  separately  from  the  adjacent  tubes.  The  leading-edge  tube 
with  no  internal  vertical  constraint  is  subjected  to  the  loading  conditions  shown 
in  Figure  4 and  summarized  in  Figure  7.  Since  there  are  no  vertical  restraints, 
the  resultant  forces  from  internal  and  aerodynamic  pressures  will  produce  the  de- 
formation pattern  as  shown  on  Figure  6 and  as  observed  on  the  balloon.  Figure  3. 

Using  the  dimensions  of  the  leading  edge  tube  for  the  Family  IT  balloon 
and  the  aerodynamic  pressure  values,  the  internal  pressure  (p  ) t tube  displace- 
ment (X^)  relationship  can  be  developed.  For  the  numerical  example  that  follows, 
the  leading  edge  vertical  resultant  load  (F)  was  5.6  Ib/in.  This  value  was  de- 
rived using  70  percent  of  the  value  of  the  dynamic  pressure  over  a length  of  1 3 
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feet  of  the  leading  edge  tube.  Two  wind  speed  regimes  were  selected  (20  kt  and 
45  kt)  and  the  relationship  of  internal  pressure  and  veritical  displacement  were 
calculated.  Figure  8 shows  the  curves  representing  these  relationships.  As  seen 
on  the  Figure,  very  large  internal  pressure  at  least  5 times  greater  than  antici- 
pated are  required  for  a tube  with  no  vertical  restraints  to  perform  with  limited 
displacement . 


5.  CONCLUSIONS 

The  key  to  resisting  deformation,  then,  is  the  vertical  restraint.  This  is 
illustrated  by  comparing  the  structural  response  of  fin  concept  shown  by  the 
dashed  line  in  Figure  5 to  the  tubular  design.  The  vertically  restrained  single 
envelope  design  was  used  in  the  first  Family  II  designs  and  experienced  the  same 
internal  and  external  pressure  loadings  during  its  test  phase;  however,  the  fin 
never  developed  the  distortions  as  seen  in  Figure  3.  The  design  of  the  structure 
was  reported  by  Witherow  (1973).  It  is,  therefore,  recommended  that  the  single 
envelope  with  vertical  restraints  be  used  to  meet  the  modern-day  requirements  for 
highly  stable,  rugged,  all-weather  balloon  systems. 
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Figure  4.  Pressure  Distribution  on  Horizontal  Stabilizer 
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Figure  5.  Airfoil  C Distribution  for  * = 6 Degrees 
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Figure  6.  Leading  Edge  Tube  Distortion 
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Abstract 


Long  duration  stratospheric  balloon  flights  are  a possibility  using  solar  heated 
hot-air  balloons  in  polar  regions  during  polar  summertime. 


I.  BACKGROUND 

An  air  filled  balloon  which  is  heated  directly  by  the  rays  of  the  sun  so  that  it 
rises  into  the  atmosphere  is  a "solar  powered  balloon".  Since  1783  when  Mont- 
golfier flew  the  first  balloon,  there  have  been  instances  reported  in  which  heating 
by  the  sun  sustained  an  air-filled  balloon  in  flight  contrary  to  the  desires  of  the 
aeronaut  (Dolfus  1973).  It  has  been  only  recently  that  this  heat  source  has  been 
purposely  exploited  for  aerial  flight  as  reported  by  Stefan  and  Meddock  (1973)  and 
Ashman  (1968). 

In  1967  following  the  lead  of  other  experimenters,  as  reported  by  Meddock  in 
1973,  I constructed  some  8 ft  diameter  black  plastic  balloons  as  solar-powered 
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toys  and  was  amazed  to  observe  one  ascend  to  above  15,000  ft.  This  excited  my 
curiosity  about  the  possible  performance  of  solar-powered  balloons.  It  became 
apparent  with  some  simple  calculations  that  useful  loads  could  be  supported  in  both 
the  troposphere  and  stratosphere  with  practical  balloons. 

Figure  1 presents  results  of  these  calculations.  It  shows  equilibrium  altitude 
and  payload  data  for  solar -powered  balloons  with  volumes  of  10  and  15  million 
cubic  feet.  The  assumption  of  50°F  above  ambient  is  conservative,  considerably 
higher  temperatures  can  probably  be  achieved  without  hazard  to  the  polyethylene 
construction. 


Figure  1.  Load  vs  Altitude  for  0.6  Mil  Polyethylene  Balloons,  Air  Filled, 
50°  F above  Ambient,  U.S.  Standard  Atmosphere 


COM-Kil  RATION 


A solar-powered  stratospheric  balloon  would  differ  from  the  conventional  poly- 
ethelene configuration  in  two  respects.  First,  provision  would  be  made  for  heating 
the  air  in  the  balloon  by  solar  absorption  onto  a surface  from  which  heat  is  trans- 
ferred by  convection  into  the  internal  air.  This  surface  is  most  conveniently  the 
skin  of  the  balloon  which  can  be  pigmented  to  partial  absorptivity  for  optimum  per- 
formance. 

The  second  variation  would  be  the  presence  of  an  aperture,  perhaps  one  fourth 
the  liameter  of  the  balloon,  in  the  bottom  of  the  balloon  similar  to  the  opening  in 
the  bottom  of  conventional  hot-air  sport  balloons.  This  aperture  permits  filling 
and  exhausting  of  air  as  the  balloon  changes  altitude,  and  most  importantly,  it 
permits  the  intake  of  air  to  replace  that  lost  through  leakage. 
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Thus,  through  the  constant  supply  of  heat  from  the  sun  and  replacement  air  for 
that  lost  through  balloon  imperfections  and  altitude  variations,  the  balloon  can  float 
for  as  long  as  the  sun  shines  with  sufficient  intensity. 


;l.  POLAR  RFC  ION  FACTORS 

The  sun  shines  with  sufficient  intensity  for  long  periods  of  time  at  high  alti- 
tudes in  polar  regions  during  polar  summertime.  Figure  2 shows  that  above  80,  000 
ft  altitude  over  7 0%  of  the  solar  constant  is  available  when  the  sun  is  above  the 
horizontal.  This  is  a sufficient  energy  rate  to  use  as  a design  point  for  a balloon. 


Fortunately,  the  stratospheric  flow  patterns  in  the  polar  summertime  are 
favorable  for  maintaining  a balloon  in  high  latitude  areas  for  extended  periods  of 
time.  The  typical  stratospheric  pressure  pattern  for  a polar  region  during  mid- 
summer shows  concentric  circular  isobars  centered  over  the  pole  and  extending 
out  to  mid  latitudes.  This  pattern  persists  reliably  for  2-1/2  to  3 months  (as  ob- 
served on  Global  Weather  Service  charts).  The  time  period  is  June  through  August 
in  the  Arctic  and  December  through  February  in  the  Antarctic.  Referring  to  Fig- 
ure 3,  it  would  appear  reasonable  to  maintain  balloon  position  within  10°  latitude 
of  the  pole  for  at  least  2-1/2  months  while  the  sun's  declination  is  greater  than  11° 
thereby  assuring  adequate  sunshine  on  the  balloon. 
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Figure  3.  Arctic  Solar  Flight  Regime 


such  as  hydrogen,  helium,  or  methane.  A conventional  launch  would  be  accom- 
plished and  ascent  would  be  typical  until  the  aperture  at  the  bottom  of  the  balloon 
opens,  perhaps  at  60,  000  ft.  Air  then  flows  into  the  balloon  to  fill  it  out  into  its 
full  natural  shape.  The  LTA  gas  and  air  remain  somewhat  stratified,  so  that  as 
ascent  continues,  the  air  is  expelled  and  the  balloon  reaches  an  altitude  corres- 
ponding roughly  to  the  equilibrium  altitude  for  the  LTA  gas.  Air  diffusion,  solai 
angle  changes,  and  leakage  will  over  a period  of  time  result  in  an  air  filled  ballc 
at  its  thermal  equilibrium  altitude.  If  desired  a small  hole  can  be  provided  in  th 
top  of  the  balloon  to  hasten  the  transition  to  the  final  steady  state  altitude. 


I have  presented  a concept  which  makes  possible  long  duration  atmospheric 
balloon  flights  in  the  polar  regions.  There  may  be,  sooner  or  later,  an  astronomy 
or  physics  experiment  which  could  use  this  concept.  It  might  be  used  as  a commu- 
nications relay  platform. 

Within  the  constraints  of  polar  region  summertime,  the  solar  balloon  provides 
a considerable  cost  advantage  over  a comparable  superpressure  balloon  as  well  as 
higher  reliability  with  respect  to  leaks.  Another  advantage  is  that  if  it  drifts  out  of 
the  region,  termination  is  automatic  when  the  sun  sets. 

A development  program  would  require  preliminary  thermal  studies  using 
methods  reported  by  Krieth  1975,  and  Carlson  1973,  augmented  with  small  scale 


one  day  flight  experiments  to  verify  thermal  parameters.  Test  flights  in  polar 
regions  with  a small  engineering  data  package  could  verify  the  total  concept  includ 
ing  trajectory  prior  to  a full  scale  project. 
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Abstract 


The  operational  design  goal  for  an  instrument- carrying 
tethered- aerostat  system  is  that  it  have  minimal  motions  with 
respect  to  the  earth.  A necessary  st< n this  has  been 

the  recent  development  of  analyses  by  •.■:hirT.  th-  system  r.av  be 
configured  to  have  first-order  dyi  ami  . tat  iy  wind. 

However  , this  is  not  a sufficient  method  for  rnri'.asii  r the  system’s 
response  to  atmospheric  turbulence,  since  dyrumi  ■ -os]  -c.se  to 
turbulence  doesn’t  necessarily  improve  with  tability. 

What  is  required  is  a turbulence- response  analy  hi  • licts 
the  system’s  motion.:,  raid  hence  its  station-k  pit 

This  paper  describes  such  an  analysis  fo-  a ay  stem’s 
lateral  response,  where  the  atmosphere's  turbulence  is  considered 
to  be  a linear  combination  of  sinusoidal  components.  The  "loi 
wavelength"  model  was  assumed  for  the  turbulence-aerostat  interaction, 


where  the  components  act  through  th  aerost- 


derivatives 
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to  provide  the  aerodynamic  excitation.  This  allowed  transfer  fui  - 
tions  for  the  system  to  be  obtained,  which  in  combination  with  an 
atmospheric-turbulence  power- spectrum  function , provided  statistical 
pre  Lcti  of  th  aerostat’s  lateral  displi  ement , he*  lin 
roll  angle  for  given  tether  length,  wind  speed,  and  terrain  roughness. 
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The  application  of  tethered  aerostats  as  instrument- 
carrying  platforms  requires  that  they  have  minimal  motions  with 
respect  to  the  earth.  Historically,  this  has  been  a difficult 
design  goal,  and  large  erostats  prior  to  1970  generally  exhibited 
undesirable  limit-cycle  oscillations  for  certain  combinations  of 
wind  speed  and  cable  length.  When  viable  tethered-aerostat 
dynamic- stability  programs  became  operational  (Doyle?  and  Vorach.k, 
1971,  DeLaurier,  197?,  Redd  et  al . , 1973,  pp.  ^9-70) , it  was  found 
that  this  unfavorable  behavior  was  due  to  the  lack  of  first-order 
dynamic  stability.  This  meant'  that  the  tethered-aerostat  system 
could  exhibit  regular  undamped  periodic  oscillations,  even  in  a 
smooth,  uniform  wind.  Although  the  buoyant  lift  generally  insured 
that  the  srplitule  of  the  motion  was  limited,  current  payload 
applications  required  that  this  limit-cycle  motion  be  completely 
eliminated.  To  this  end,  the  dynamic- stability  programs  provided 
the  tools  for  defining  the  configuration  of  a first-order  stable 
aerostat,  and  the  result  of  an  ARPA  funded  program  of  the  late 
60’s  and  early  70’s  is  the  Family  II  aerostat  (Figure  l) . 

In  practice,  as  well  as  in  theory,  the  Family  II  aerostat 
has  complete  first-oider  stability  throughout  its  flight  envelope. 
Systematic  dynamic- response  tests  (DeLaurier,  197^,  pp.  l6l-176) , 
as  well  as  operational  experience,  have  shown  this  to  be  a well- 
behaved  aerostat  in  a wide  variety  of  wind  conditions,  and  that 
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its  motions  are  due  solely  to  its  response  to  atmospheric  turbulence. 

It  is  clear,  then,  that  first-order  dynamic  stability  is  a necessary 
condition  for  a steady  aerostat,  but  it  should  be  noted  that  it  is 
not  a sufficient  condition. 

Atmospheric  turbulence  is  always  present,  to  a greater  or 
lesser  degree,  and  aerostats  must  always  respond  to  it.  A desirable 
condition  is  that  this  response  should  have  minimum  amplitude  with 
respect  to  given  turbulence  conditions,  and  the  designer's  goal 
is  to  determine  the  degree  of  stability  the  aerostat  must  have  to 
ensure  this.  A design  with  first-order  stability  will  always  perform 
better  than  one  without,  but  there  is  such  a thing  as  too  much 
stability,  for  then  the  aerostat  will  respond  so  sluggishly,  and 
out-of-phase  with  changes  in  wind  direction,  that  the  lateral 
excursions  could  be  excessive. 

The  information  from  the  stability  programs,  such  as 
"time  to  half  amplitude",  "frequencies",  and  "cycles  to  half  amplitude", 
are  valuable  indicators  of  an  aerostat's  dynamic  response,  but  what 
is  not  provided  is  the  relative  "weighing"  of  these  parameters  with 
respect  to  their  importance  for  turbulence  response.  Moreover, 
they  provide  no  quantitative  values  for  the  response  to  a given 
turbulence  input.  In  order  to  answer  these  questions  a new  program 
was  developed  which  predicts  a tethered  aerostat's  response  to 
atmospheric  turbulence,  and  hence,  it  gives  a quantitative  measure 
of  an  aerostat's  station-keeping  ability. 
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2.  TRANSFER  FUNCTIONS 
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Atmospheric  turbulence  may  be  considered  to  be  composed 

of  sinusoidal  periodic  components.  This  is  the  "spectral"  approach. 

Hence,  key  information  is  provided  by  the  system's  transfer  functions, 

which  give  the  steady-state  dynamic  response  to  a given  turbulence 

component.  Consider  Figure  2 which  shows  an  aerostat  subjected  to 

a lateral  gust  component,  v . This,  in  conjunction  with  the  mean 

S 

wind  speed,  U,  gives  a lateral  gust  angle,  7,  where 


If  v varies  in  a sinusoidal  fashion  at  a given  point  on  the  aerostat, 


7 = Fsinut 


where  w = frequency  of  oscillation  (rad/sec) 
r = maximum  magnitude  of  the  gust  angle 
Further,  note  that  at  any  given  instant,  7 varies  in  a sinusoidal 
fashion  along  the  length  of  the  aerostat.  Tnis  variation  is  accounted 
for  by  the  "long  wavelength"  assumption  (Etkin,  1966,  pp.  320-328), 
and  the  forces  and  moments  exerted  on  the  aerostat  by  7 were  thus 
expressed  as  functions  of  the  stability  derivatives. 

The  dynamic  equations  for  the  cable-aerostat  system  were 
obtained  from  DeLaurier  (1975) , and  these  were  simplified,  for  this 
analysis,  by  the  assumption  that  the  cable  may  be  modelled  by  a 
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massless,  dragless  rod.  This  'estricts  the  validity  of  the  theory 
to  cable  lengths  for  which  the  cable's  inertial  and  aerodynarrdc 
properties  are  negligible  in  comparison  with  those  for  the  aerostat. 
This  is,  in  fact,  not  a significant  restriction  for  design  purposes, 
as  explained  later. 

The  forcing  functions  from  the  turbulence  component  were 
then  joined  to  the  system's  dynamic  equations,  and  the  particular 
solutions  of  the  resulting  equations  g ave  the  system's  transfer 
functions,  which  with  respect  to  Eq.  (2),  may  be  expressed  as 

Mil  = pte | sin(ut  + 5y)  0) 

| = l|l  sin(wt  + 6^)  (4) 

j = \j\  sin(ut  + (5) 

Cable  length 

Lateral  displacement  of  the  aerostat's  confluence  point 
Aerostat  heading  angle 
Aerostat  roll  angle 
Lateral  displacement  phase  angle 
Heading  phase  angle 
Roll  phase  angle 


where  L = 

y = 
* = 
0 = 

6 = 

y 
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By  way  of  numerical  examples.  Figures  3,  4 and  5 show  the 
transfer  functions  for  the  SN  204  Family  II  aerostat  operating  at 
L = 1000  ft.  and  U = 25  knots,  whose  physical  characteristics  are 
given  by  DeLaurier  (197*0-  In  particular,  consider  the  heading-angle 
response  in  Figure  3-  At  low  values  of  w, 

if  I - 1.  % - l8o° 

which,  since  the  sense  for  y is  opposite  to  that  for  ip,  simply 
means  that  the  aerostat  weather-vanes  one-to-one  with  slowly  varying 
winds . 

As  the  frequency  increases,  the  aerostat  begins  to  lag, 
and  the  magnitude  of  the  relative  response,  \ip/ y J , increases  until 
a peak  is  reached  at  oj  = .06  rad/sec.  At  this  point,  the  heading 
angle  is  90°  out  of  phase  with  the  gust  angle,  and  the  magnitude 
of  the  heading  angle  is  4 times  greater  than  the  gust  angle,  e.g., 
if  the  gust  oscillated  between  ± 3 degrees,  the  arostat's  heading 
response  would  be  between  ± 12  degrees . 

Further,  consider  Figure  4 which  shows  the  lateral- displace- 
ment response.  At  low  values  of  w the  magnitude  of  the  response  is 
very  small,  which  is  as  one  would  expect  since  the  cable  is  nearly 
vertical.  However,  as  w increases  | ( y/L) / 5"  J increases  to  a peak 
at  w = .06  rad/sec.  At  this  point  the  phase  angle,  6y,  is  zero, 
which  means  that  the  lateral  motion  is  in  phase  with  the  gust  angle. 
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Also,  the  magnitude  of  y/L  is  2.6  times  greater  than  the  gust  angle, 
e.g.,  for  a gust  oscillating  between  ± 3 degrees,  the  confluence 
point  would  laterally  displace  between 

|^1  = tan(2 .6  x 3°)  -»y  = 1000  x tan(7.8°)  = ± 13?  ft. 

Similar  information  may  be  obtained  from  the  roll- response  plot 
(Figure  5),  where  \$/y\  increases  from  zero  at  zero  w to  a peak 
of  2.28  at  u = .06  rad/sec.  For  the  example  ± 3 degree  gust,  the 
magnitude  of  the  roll  ’-esponse  is  ± 6.84  degrees. 

At  u = .06  rad/sec,  the  relative  response  magnitudes 
k'/y  U(y/L)/'/I}  \i/y\,  and  the  relative  phase  angles,  h l 
closely  match  those  for  the  modal  vector  of  the  first  stability 
root  (Figure  6) . However,  the  importance  of  the  transfer  functions 
is  that  they  give  a quantitative  measure  of  the  system's  response 
to  a given  turbulence  component,  7,  and  a variety  of  designs  may 
be  compared  on  a more  rational  basis  than  before,  because  the 
effects  of  modal  vectors,  damping  factors,  and  periods  are  auto- 
matically weighed  in  the  transfer-function  results,  all  relative 
to  7 . 

The  next  step  is  to  weigh  in  a quantitative  measure  of 
atmospheric  turbulence,  since  the  magnitude  of  7,  itself,  is  a 
function  of  w.  This  is  most  readily  done  by  the  statistical 
moacu-e  of  atmospheric  turbulence  provided  by  the  "atmospheric 
power-spectrum  function" . 
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When  atmospheric  turbulence  is  represented  by  the  spectral 
model,  of  which  Eq.  (2)  represents  one  component,  it  should  be 
noted  that  the  magnitude,  F,  has  a statistical  average  which  is  a 
function  of  u.  This  variation  is  most  conveniently  accounted  for 
by  a "power  spectrum  function",  P(w) , as  described  by  Etkin  (1966, 
pp.  270-278).  P(w)  has  the  property  that  the  mean  square  of  7, 

72,  is  given  by 

00 

72  = J P(u)du)  (6) 

o 


so  that  P(w)dw  is  seen  to  be  the  contribution  to  y2  of  the  spectral 
components  in  the  band  width,  dco.  Also,  as  described  later,  P(w) 
may  be  combined  with  the  transfer  functions  to  obtain  power- spectrum 
functions  for  the  dynamic  responses,  and  hence,  statistical  averages 
of  these  responses. 

Until  recently,  turbulence  research  has  either  concentrated 
on  altitudes  greater  than  5000  ft  (Etkin,  1966,  pp.  320-328)  or 
altitudes  less  than  200  ft  (Alexander  et  al , 1971).  However,  since 
the  late  6o’s,  the  Institute  for  Aerospace  Studies  has  been  almost 
unique  in  its  investigation  of  the  turbulence  in  the  "planetary 
boundary  layer",  which  ranges  from  0 to  2000  ft  (Teunissen,  1970)  . 

The  result  of  this  work  is  a power- spectrum  function  wliich  may  be 
represented  by 
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(7) 


P(u)  = 72  *‘n(l's»“) 


where  is  the  integral  scale  of  the  turbulence.  The  key  parameters 
in  Eq.  (7)  are  7 2 and  L , and  for  an  accurate  representation  they 
must  be  carefully  selected  for  the  altitude  and  surface  conditions 
of  the  situation  in  question.  From  Teunissen  (1970) , good  values 
for  flat  terrain  are 


72  = .0004,  L = 650  ft 
s 


and  the  corresponding  F(w)  is  given  in  Figure  7. 


4.  RESPONSE  TO  ATMOSPHERIC  Tl  RHULENCE 

The  tethered-aeros tat  system's  transfer  functions  and  the 
atmospheric- turbulence  power- spectrum  function  my  be  combined  to 
give  power- spectrum  functions  for  the  system's  dynamic  responses, 
in  particular:  the  lateral- displacement  power  function,  P (w) 5 

the  heading-angle  power  function,  P^(w),  and  the  roll-angle  power 
function,  P^(u) • These  may  be  looked  upon  as  extensions  of  the 
transfer  functions,  where  the  turbulence  distribution  is  weighed 
in.  The  importance  of  this  may  be  seen  by  noting,  from  Figures 
3,  4,  5 and  7,  that  the  peak  of  P(w)  occurs  at  a different  u than 
the  peaks  of  the  example  transfer  functions.  This  is  generally 
true,  and  illustrates  that  there  may  be  a trade-off  between  the 


peak  magnitude  of  the  transfer  functions,  and  the  to  at  which  it 
occurs.  For  example,  if  an  aerostat  is  reconfigured  to  give  lower 
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peak  values  of  the  magnitudes  of  its  transfer  functions,  its 
response  to  turbulence  might  actually  be  worsened  if  the  w of  these 
peaks  is  significantly  shifted  into  the  more  energetic  portion  of 
the  P(w)  curve.  The  only  way  to  quantitatively  assess  this  is 
through  the  dynamic-response  power- spectrum  functions,  which  are 
illustrated  for  the  example  S'!  20*4  aerostat  in  Figures  8,  9 and  10. 

Finally,  one  may  obtain  root-mean- square  values  of  the 
response  coordinates  by  taking  the  square  roots  of  the  integrals 
of  the  response  power  functions: 


Y = L 
™s  LJ  -y 
o 


f 

P (w 


(u)dw 


rms 


rms 


F.  (u)dw 


(8) 

(9) 

(10) 


This  is  the  information  of  ultimate  interest,  for  it  statistically 
predicts  the  station-keeping  ability  of  a prescribed  tethered 
aerostat,  for  given  terrain  conditions,  wind  speed,  and  cable  length. 

For  the  example  SU  20*4  aerostat,  note  that  its  predicted 
behavior  for  L = 1000  ft,  U - *42. 22  ft/sec  (25  knots),  and  smooth 
terrain,  is 
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= 1.08  degrees 

nns 


This  is  very  steady  behavior,  and  is  the  best  that  can  be  expected 
from  the  aerostat.  With  rougher  terrain  the  response  valxies  will  be 
larger,  but  this  ir.ay  also  be  predicted  by  the  inclusion  of  the 
appropriate  parameters  in  the  atmospheric  turbulence  function,  P(oi) . 

5.  DISCUSSION 

As  mentioned  earlier,  the  validity  of  this  analysis  hinges 
primarily  on  two  key  assumptions:  the  "long  wavelength"  model  for 

the  turbulence  interaction  on  the  aerostat,  and  the  massless,  dragless 
rod  model  for  the  cable . 

The  first  assumption  may  be  quantized  (Etkin,  1966,  pp.  320-328' 


hy 


w 


max 


2m  U 
8c 


(11) 


where  c is  the  characteristic  length.  Since  the  w value  for  the 

peak  magnitudes  of  the  response  functions  must  be  less  than  w , 

max 

this  places  a lower  limit  on  the  wind  speed,  U.  For  the  example 
SN  204  aerostat,  c = 138  ft,  which  means  that  when  U = 25  knots, 
u .240  rad/sec.  However,  from  Figures  3,  4 and  5,  the  w for 


max 


the  peak  magnitudes  of  the  transfer  functions  is  seen  to  be  .06 


181 


nr  .1— 1 nnuEHBfii 


**.  v «r.  O. 


rad/sec.  Moreover,  response  power  functions  (xigures  8,  9 and  10) 

decrease  rapidly  to  values,  at  w , which  are  two  orders  of 

max 

magnitude  less  than  the  peak  values.  Thus,  it  is  felt  that  for 
aerostats  approximately  the  size  of  the  SN  204,  the  lower  limit 
of  U is  ~ 20  knots.  Above  this  speed,  it  is  concluded  that  the 
"long  wavelength"  assumption  has  very  good  validity. 

The  range  of  validity  for  the  second  assumption  depends 
on  the  mass  and  size  of  the  cable  compared  with  the  aerostat.  The 
most  rational  way  of  quantizing  this  is  to  compare  the  stability 
roots  of  the  system  with  a "dynamic  cable"  (DeLaurier,  1972)  with 
those  for  a system  with  a massless,  dragless  cable.  This  was  done 
for  the  SN  204  example,  and  it  was  found  that  the  maximum  cable 
length  for  aerostats  of  approximately  the  size  of  the  SN  204 
is  ~ 1500  ft.  Below  this  length,  it  is  concluded  that  the  "massless 
dragless  cable"  assumption  has  excellent  validity. 

6.  COiMXl  SIGNS 

Within  the  limits  of  the  assumptions  on  the  physical  model 
this  analysis  provides  a means  for  quantitatively  assessing  a 
cable-aerostat  system's  station-keeping  ability.  For  aerostats  of 
approximately  the  size  of  the  SN  204  (200,000  ft3  volume),  the 
assumptions  require  that 

V7ind  Speed  > 20  knots 


Cable  Length  < 1500  ft. 


However,  within  this  range,  the  physical  model  has  strong  analytical 
validity.  Moreover,  this  is  the  range  within  which  the  atmospheric 
turbulence  has  its  greatest  intensity,  thus  giving  the  largest 
dynamic  responses  of  the  system.  Therefore,  it  is  felt  that  this 
analysis  provides  a viable  means  by  which  a designer  may  iterate 
an  aerostat's  configuration  to  obtain  its  maximum  station-keeping 
ability . 
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The  general  theory  for  the  behaviour  of  a fabric  consisting  of  three  sets  of 
yams  is  presented.  The  special  case  of  a fabric  having  three  identical  sets  of  »ams 
equally  inclined  with  each  other  is  considered.  It  is  shown  that  this  behaves  in  a 
similar  manner  to  an  isotropic  elastic  membrane  and  that  the  principal  axes  of  stress 
and  strain  coincide.  Considerations  of  failure  suggests  that  the  rupture  stress  of 
such  a fabric  under  combined  stress  is  significantly  less  than  in  uniaxial  tension. 

A simple  model  is  also  suggested  to  describe  the  visco-elastic  behaviour  of  the 
fabric  under  uniaxial  tension. 

The  results  of  tests  in  uniaxial  tension,  including  strain  rate  and  relaxation 
behaviour  are  presented  for  a sample  fabric  together  with  stress  strain  data  derived 
from  tests  performed  on  a pressurized  cylinder  with  superimposed  axial  loads. 
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1.1  Introduction 

A new  class  of  fabrics  has  been  developed  recently  in  which  three  sets  of 
yarns  are  either  woven  or  laid-up  in  a triangular  mesh  with  the  angle  between  each 
set  of  yarns  being  60°.  In  the  woven  fabrics,  two  sets  of  yams  form  the  warp  and 
the  third  set,  the  fill.  In  the  laid-up  material  the  yarns  are  sandwiched  between 
two  films  and  bonded  by  adhesive  and  pressure.  These  materials  find  use  in  fabric 
structures  such  as  areostats,  pressure  airships  and  inflated  buildings  particularly 
in  applications  where  the  membrane  is  subjected  to  appreciable  shear  stresses 
(Alexandroff , 1974).  Conventional  orthogonal  weave  fabrics  have  very  little 
resistance  to  shear  and  to  improve  the  shear  strength,  orthogonal  fabrics  are  either 
bonded  to  a stiff  laminate  which  resists  shear  or  two  layers  of  fabric  are  bonded 
together,  one  having  yarns  in  the  bias  or  diagonal  directions  (Witherow,  1974). 

The  triaxial  fabric  offers  the  possibility  of  producing  mucli  lighter  materials 
which  have  adequate  mechanical  properties  and  dimensional  stability  and  greater 
flexibility  in  handling. 

In  this  work,  the  deformation  and  rupture  of  triaxial  fabric  is  considered 
and  following  a number  of  simplifying  assumptions,  general  stress  strain  relations 
are  presented  which  are  similar  to  those  employed  for  certain  composite  materials. 

It  is  assumed  initially  that  the  yarns  behave  in  a linear  elastic  manner  however 
a simple  visco-elastic  model  is  also  considered  for  the  case  of  uniaxial  tension. 

1.2  Theory 

1.2.1  TRIAXIAL  FABRIC 

We  consider  that  the  fabric  consists  of  three  sets  of  parallel  yams,  i,  j 
and  k as  shown  in  Figure  1.  Within  each  set,  the  yarns  are  parallel  and  equally 
spaced  with  a pitch  Pj;  the  tension  of  the  yarns  in  a set  is  Tj,  the  cross-sectional 
area  Aj , the  Young's  Modulus  bj  and  the  inclination  with  the  coordinate  direction 
. In  the  general  case,  each  set  of  yarns  may  be  of  different  cross-sectional  area, 
pitch  and  modulus  and  the  sets  are  not  necessarily  equally  inclined  with  each  other. 
We  assume  that  each  set  of  yarns  behaves  independently  and  hence  neglect  any  effect 
of  interweaving  or  of  adhesion  to  a laminate  film.  The  coordinate  di-ections  in 
Figure  1 are  chosen  to  be  in  the  direction  of  principal  stress  resultants  Nx  and  Nv. 
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Figure  1.  Schematic  Diagram  of  Yarns  Forming  the 
Composite  Fabric 


The  spacing  of  the  yams  along  the  side  of  the  element  perpendicular  to  Nx 


d^  = 1 / P x cos  (1) 

and  resolving  forces  in  the  x direction  we  obtain 

Nx  = IT;  Pi  cos2  P (2) 


The  summation  sign  in  Eq.  (2)  implies  summation  over  the  three  sets  of  yarns,  i,  j, 
k.  As  OX  is  a principal  direction  in  the  applied  stress  field,  resolution  of  forces 
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In  considering  the  deformation  of  the  fabric  under  the  influence  of  the  applied 
stress  state,  we  assume  that  the  element  in  Figure  1 will  deform  in  the  same  way  as 
an  element  of  a continuous  elastic  membrane.  This  assumption  would  be  reasonable  for 
a uniform  stress  field  or  one  in  which  stress  gradients  are  very  small  with  respect 
to  the  spacing  of  yams.  The  deformed  element  can  therefore  be  described  in  terms 
of  the  strains  ex,  ev>  and  yxy.  The  shear  strain,  yxy , is  not  necessarily  zero.  To 
conform  with  this  deformation,  the  strain  in  the  yams  i must  equal  the  lineal 
strain  in  the  Bj  direction,  i.e. 


cos  2 Bj 


sin  2 B; 


(5) 


This  follows  from  the  assumption  that  the  yams  behave  independently  and  provided 
ej  is  positive,  the  tension  in  the  yarn  is. 


Ti  » *i  Ei  «i  ™ 

Combining  f:q.  f 2 ) to  F.q.  (6)  we  obtain  the  stress-strain  relations, 


Nx  ' '2  ^ex*ey5  1 Ai  Ei  Pi  cos2  Bi  * (ex"ey}  E Ai  Ei  Pi  cos  2 Bi 

♦ Yxy  £ Aj  Kj  Pi  cos2  Bj  sin2  Bj}  (7) 

and 

Ny  = | { (ex+ey)  l Aj  Ej  Pj  sin2  Bj  + (ex-ey)  £ Aj  F.j  Pj  sin2  Bj  cos  2Gj 

* y £.  A.  E,  P.  sin2  B:  sin  2 84 } (8) 

XV  1 1 1 1 1 1 

From  Eq.  (31  we  obtain 


Aj  Ej  Pj  sin2  2 Bj  = 0 (9) 

It  must  be  emphasized  that  the  above  relations  are  valid  only  when  ej , ej  and  ej,  are 
all  positive.  The  theory  is  not  valid  if  any  of  the  strains  in  the  yam  directions 
are  negative  as  the  yarns  cannot  resist  compressive  loading  and  hence  Eq.  (6)  would 
not  be  obeyed. 
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1.2.2  EQU1-AXED  FABRIC 

Be  consider  the  special  case  of  the  triaxial  fabric  in  which  all  sets  of  yams 
are  identical  and  the  sets  are  equally  inclined  to  each  other.  If  one  set  is  in- 
clined at  6 to  the  x axis,  then  the  angles  of  the  yams  are, 

Bi  = 6;  Bj  = 6 ♦ y;  = 6 ♦ (10) 

Substitution  of  these  values  in  Eq.  (91  shows  that  yxv  is  zero,  hence  for  the  equi  - 
axed  fabric  the  axes  of  principal  stress  and  strain  coincide.  Substitution  of  these 
values  in  Eq.  (9)  shows  that  y„  is  zero,  hence  for  the  equi -axed  fabric  the  axes 
of  principal  stress  and  strain  coincide.  Substitution  of  the  above  values  of  B in 
Eq.  (7)  gives, 


Nx  = I PAE  (ex4  V (U) 

where  P,  A and  E refer  to  all  sets  of  yarns.  As  e does  not  appear  in  Eq.  (12),  we 
deduce  that 


Ny  = g PAE  (ey*j  ex) 


(12) 


and  that  the  fabric  behaves  as  an  isotropic  linear  elastic  membrane  with  the  res- 
triction noted  above  about  positive  strains  in  the  yarn  direction. 

Considering  the  fabric  as  being  equivalent  to  a membrane  of  thickness  h. 
Young's  modulus  E and  Poisson's  ratio  v,  we  may  write 


Nx  = — — (e  + ve  ) (13) 

1-v2  x y 

t 

where  C = E h.  Comparing  Eq.  (12)  and  Eq.  (13),  we  obtain 

C = PAE;  V = 1/3  (14) 


In  many  problems,  the  principal  stresses  at  a point  remain  in  constant  pro- 
portion and  we  may  write  N = otN  . Substituting  in  the  above  equations,  we  obtain 
the  stress  strain  relations  for  the  equi-axed  fabric 


3x  * 3C 


(15) 
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2(9*w/3) 


e. 


2(9  + 2ir/3) 


Figure  2.  Mohr's  Circle  of  Strain  indicating  strains 
in  the  Yam  Direction 


The  above  equations  are  valid  only  when  the  strains  in  all  yarn  directions  are 

positive,  i.e.  in  the  Mohr's  circle  of  strain.  Figure  2,  ej  , e.  and  ej.  are  positive. 

1 1 

From  Eq.  (IS),  it  is  clear  that  this  will  always  be  the  case  for  a > - , assuming 
Nx  > Ny.  It  may  be  shown  that  for  a < -j  , Eq.  (15)  is  valid  for; 


cos  2(6  + j)  > 


(— ) 
ll-a 


(16) 


In  uniaxial  tension,  a = o,  the  solution  is  valid  only  when  6 = o,  i.e.  when  one 
set  of  yarns  is  parallel  to  the  stress  axis. 

In  inflated  structures,  a is  typically  in  the  range  0.5  < a < 1.  The  values 
for  the  stress  strain  relations  in  this  regime,  as  given  by  Eq.  (15)  are  given  in 
Table  1. 
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Table  1.  Theoretical  Modulus  for  Different  Ratios  of  Principle  Stress. 


f 


t 


Stress  Ratio 
a = Nx/Nv 

0.33 

0.50 

0.70  0.90 

1.00 

1.50 

2.00 

Modulus 

Nx/ex 

1.12 

1.20 

1.30  1.43 

{x  C lb/in) 

1.50 

2.00 

3.00 

1.2.3  RUPTURE  OF  THE  EQU1-AXED  FABRIC 

The  analysis  above  suggests  that  the  fabric  behaves  elastically  as  an 

isotropic  membrane,  however,  the  mnture  characteristics  may  depend  on  the 

orientation  of  the  fabric  with  the  axes  of  loading.  If  \:x  is  taken  as  the  greatest 

principal  stress,  then,  considering  figure  3,  it  may  be  seen  that  all  ca^es  may  be 

discovered  by  considering  inclinations  in  the  range  0 < 0 < — 

6 . 
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! 

i 
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Figure  3.  Diagram  Indicating  Possible  Variation  of  Orient- 
ation of  the  Yarns  with  the  Greatest  Principal  Stress  Axis 


We  consider  that  rupture  occurs  when  any  set  of  yams  reaches  a limitin 
tensile  load  Tf  and  hence  failure  occurs  when 


ey  = Tf/At 


mo 


I 

; 

I 
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l;or  proportional  stressing,  we  obtain  by  substitution  of  bq . (17)  in  tq.  (5) 
that 


Nx  = 3PTf/t2(l+a)  ♦ (1-a)  cos  26)  (18) 

For  uniaxial  tension,  a=o,  the  only  valid  case  is  for  0=o,  and  the  rupture 
stress  is, 

N*  * PTf  (18a) 

For  equal  biaxial  tension,  a=l  and  the  failure  stress  is 
. 3PT 

*1  = -j-L  (18b) 

which  is  less  than  for  uniaxial  tension.  For  the  case  of  a = l,  i.e.  an  inflated 
cylinder,  the  failure  stress  is 

. 3PTf 

Nx  = r3^(cos26)/2]  (18C) 

which  depends  weakly  on  the  orientation.  The  most  severe  loading  appears  to  be 
equal  biaxial  tension  and  if  the  theory  holds,  actual  failure  stresses  could  be 
below  those  in  a cylinder  burst  test.  The  theoretical  failure  stresses  for 

* 

different  loading  conditions  as  a fraction  of  the  uniaxial  failure  stress  NQ  are 
given  in  Table  2. 


Table  2.  Theoretical  Bursting  Stress  for  Different  Values  of  Principal  Stress  and 
Orientation  of  the  Fabric. 


Orientation , fi=o 

Stress  Ratio 
a=Nx/Nv 

0 

0.25 

0.50 

0. 75 

1.00 

Bursting  Stress 

xN  lb/in 
o 

1 

0.92 

0.87 

0.80 

0.75 

Stress  Ratio,  a=h 

Orientation,  6 

0 

15° 

30° 

Bursting  Stress 

xN*  lb/in 
o 

0.866 

0.875 

0.924 

200 
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1.3  Time-Dependant  Effects 


Most  of  the  composite  fabrics  used  in  structures  exhibit  significant  time 
dependent  response  to  loading.  Both  the  yams  and  the  coating  material  or  laminate 
films  may  develop  creep  strains  similar  in  magnitude  to  the  initial  elastic 
strains.  Further  the  mechanism  of  tearing  can  be  significantly  modified  by  the 
coating  or  laminate  leading  in  some  cases  to  catastrophic  tears  being  propagated 
at  high  velocity.  These  aspects  of  failure  as  well  as  creep  rupture,  although 
important,  are  not  considered  here,  however  an  attempt  is  made  to  develop  a simple 
visco-elastic  model  of  the  composite  fabric. 


a 

f 


It  is  assumed  that  in  uniaxial  loading 
the  highly  simplified  model  shown  in  Figure  4 
will  apply.  This  consists  of  a linear  elastic 
material  of  modulus  E2  in  parallel  with  a 
Maxwell  material  having  an  elastic  element 
Ej  and  a viscous  element  having  a coefficient 
n. 

The  governing  equations  for  the  model 
material  are:- 


de. 


dt 


(19) 

°2 

F-  (20) 
e2 


(21) 


I sgure  4.  Simple  Model 
Representing  Visco-F.last  Lc 
Response  of  Fabric 


1.3.1  CONSTANT  STRAIN  RATE  LOADING 

If  the  material  is  loaded  at  constant  strain  rate,  e , then  by  differentiating 
Eq.  (21)  we  obtain 


1 


do 


_1 

dt 


n 


(22) 


! 
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The  solution  to  Eq.  (21)  is 
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Writing  c * E0t  and  substituting  in  Eq.  (19),  we  obtain 


(23) 


(24) 


The  stress-strain  characteristic  given  by  Eq . (24)  is  shown  schematically  in  Figure 
5 and  it  may  be  seen  that  the  apparent  modulus  varies  from  (Ej  + E2)  under  fast 
loading  to  E2  at  very  low  strain  rates. 


f 

,-oo 


Figure  5.  Seliematic  Diagram  of  the  Stress 
Strain  Curve  at  Different  Strain-Rates, 

^o 


1.3.2  RELAXATION 

If  the  material  is  initially  loaded  to  the  stress  and  strain  state  defined  by 
oQ  and  e0  and  maintained  at  cQ,  the  relaxation  function  is, 
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Figure  7.  Schematic  Creep  Curve  for  the  Motiel 
Material  under  Constant  Stress,  oQ 


2.  EXPERIMENTS 
2.1  Introduction 

Some  experiments  were  performed  on  a sample  of  material  in  which  three  sets  of 
yams  were  laid  up  in  an  equi-axed  system  and  bonded  between  two  sheets  of  film. 

Tensile  and  relaxation  tests  were  performed  on  the  film  alone  and  also  on  a 
set  of  parallel  yams  held  between  the  grips  to  indicate  the  behaviour  of  the  yams 
in  isolation.  Standard  ASTM  tests  were  also  performed  on  the  composite  material  as 
well  as  relaxation  tests. 

Extensive  pressurized  cylinder  tests  were  carried  out  using  an  Instron  machine 
to  provide  additional  axial  load.  One  cylinder  was  taken  to  rupture. 

The  experimental  programme  was  not  sufficient  to  provide  a test  of  the  theory 
given  in  section  1 and  it  is  unlikely  that  such  a material  will  conform  to  a simple 
model.  Some  aspects  of  the  observed  behaviour  can  be  explained  however  with  the  aid 
of  the  theoretical  work. 

2.2  Fabric  Material 

The  fabric  consisted  of  three  sets  of  200  dernier  Kevlar  29  yams  laid  up  by 
hand  to  form  a 60°  equi-axed  mesh  of  0.2S  inches  pitch.  This  was  bonded  between 
two  Tedlar  films  each  0.002  inches  in  thickness.  Kevlar  is  a high  strength,  high 
modulus  aramid  fibre  and  Tedlar  is  a very  durable  PVR  film.  Both  materials  are 


204 


■">  m*'  n.«5 


produced  by  the  du  Pont  company  and  typical  values  of  relevant  properties  are  presented 
in  Table  3 (Sturgeon  and  Venkatachalam,  1974;  Dupont,  1974). 

Table  3.  Typical  Values  of  Mechanical  Properties  of  Constituent  Materials 


KEVLAR  29  YARN 

Tenacity 

400,000  lb/in2 

Modulus 

9 x 106  lb/in2 

Density 

1.44  g/cc 

TEDLAR 

Modulus 

2.S  - 3.8  x 10s  lb/in2 

Ultimate  Tensile  Strength 

7.0  - 18.0  x 103  lb/in2 

Density 

1.4  - 1.6  g/cc 

2.3  Tensile  Tests 

2.3.1  TESTS  OF  LAMINATE  FILM 

Strip  tests  of  the  Tedlar  film  were  performed  at  strain  rates  from  0.003  to 
0.3  per  minute  and  up  to  strains  of  1.7%.  The  stress,  strain  curve  was  linear  with 
a modulus  which  was  approximately  constant  and  equal  to  12  x 104  lb/in2 

2.3.2  TESTS  ON  KEVLAR  YARNS 

A number  of  yarns  were  stretched  between  the  tensile  grips  at  the  same  pitch  as 
in  the  fabric.  Tests  were  performed  at  the  same  strain  rates  and  strains  as  in  the 
film  above.  The  modulus  increased  from  1310  lb/in  at  0.0033  per  minute  to  1660  lb/in 
at  0.33  per  minute.  (This  is  approximately  equal  to  a Young's  modulus  in  the  yam 
materials  of  7.1  to  8.9  x 106  lb/in2. 

2.3.3  TESTS  ON  COMPOSITE  MATERIAL 

Tests  on  a 3 inch  wide  strip  of  fabric  in  which  one  set  of  yarns  was  parallel 
to  the  stress  axis  were  performed  under  the  same  conditions  as  above.  The  variation 
of  modulus  with  strain  rate  is  shown  in  Figure  8;  this  also  shows  the  modulus  for  the 
yams  alone.  Given  that  there  are  two  Tedlar  films  each  of  modulus  of  240  lb/in  in 
the  composite,  the  agreement  between  the  tests  as  shown  by  Figure  8 is  reasonably 
good. 

2.3.4  RELAXATION  TESTS 

Three  series  of  relaxation  tests  were  performed  on  strips  similar  to  those  in 


MODULUS  XIO5  Ib/in 
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Figure  8.  Experimentally  Determined  Modulus  for  the  Fabric  and  for  a 
Set  of  Yams  in  Uniaxial  Tension  at  Various  Strain  Rates 


TIME 

Figure  9.  Experimental  Relaxation  Curves  for  the  Fabric  and  a Set 
of  Yams  Following  an  Initial  Strain  of  1.67%.  The  Strip  was  3”  Wide 
in  this  Case 
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each  of  the  tensile  tests  above.  The  initial  strain  in  each  relaxation  test  was 
1.67%.  The  results  are  shown  in  Figure  9.  It  was  found  that  the  stress  relaxed 
about  20%  in  all  cases.  The  initial  part  of  the  relaxation  curve  was  not  exponential 
however  the  modulus  determined  from  the  relaxed  stress  level  for  the  fabric  agreed 
well  with  that  at  slow  strain  rates  as  predicted  from  Eq.  (24)  and  Eq.  (25) . 

2.3.5  ASTM  TESTS 

Strip  and  grab  tensile  tests  were  performed  on  the  sample  fabric  following  ASTM 
, specifications.  (1682-64  Standard)  A typical  load/extension  diagram  is  shown  in 

Figure  10.  The  tests  for  strips  with  the  yarns  at  ±30°  to  the  tensile  axis  (0  = |j- 
in  the  diagram)  were  not  satisfactory  because  of  obvious  end  effects  and  the  laminate 
film  buckled  without  any  appreciable  load  being  taken  by  the  yarns.  The  tests 
reported  in  Table  4 refer  only  to  tests  with  one  set  of  yams  parallel  to  the  tensile 
\ axis  (6  = o) . 


5. 


Figure  10.  Load,  Extension  Diagram  for  a 3"  Wide 
Strip  Test  (gauge  length  = 6") 
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Table  4.  Properties  of  Fabric  as  Determined  from  ASTM  Tests  (stress  parallel  to  one 
set  of  yarns) 


ASTM  Test 

3"  wide  strip 
2"  wide  strip 
grab  test 


Failure 
Stress 
N, lb/in 

Strain 

Strain 
Rate 
e,  min' 

Modulus 

46 

4.3 

0.17 

1,080 

45 

4.3 

0.33 

1,100 

60 

4.1 

0.17 

1,460 

2.4  Cylinder  Test 


Samples  of  fabric  were  cut  and  seamed  to  form  a cylinder  22"  long  and  10" 
diameter.  Discs  approximately  3”  thick  were  placed  in  each  end  and  the  fabric 
cylinder  fixed  to  the  discs  using  a number  of  external  clamps.  The  discs  contained 
fittings  which  could  be  attached  to  the  grips  in  the  Instron  machine  in  order  to 
apply  an  axial  load. 

During  a test,  air  was  pumped  into  the  cylinder  and  at  the  same  time  an  axial 
load  applied.  In  this  way  the  fabric  could  be  subjected  to  a biaxial  stress  test  in 
which  the  ratio  of  the  hoop  and  axial  stresses  remained  constant.  Axial  and  diametral 
extensions  were  also  recorded  after  each  load  increment. 

A number  of  cylinders  were  tested  both  with  yarns  parallel  to  the  axis  and  with 
yarns  in  a circumferential  direction.  It  was  found  that  results  were  not  initially 
repeatable  and  in  the  final  tests,  the  cylinder  was  subjected  to  a few  loading  cycles 
before  being  tested.  An  obvious  defect  in  the  experimental  procedure  was  the  in- 
cremental nature  of  the  loading  and  significant  creep  occurred  while  strain  readings 
were  being  taken.  It  was  found  however  that  while  some  hysterisis  effects  were  shown 
during  unloading,  the  stress/strain  curve  was  reasonably  linear  during  loading.  A 
typical  result  for  axial  stress  versus  axial  strain  during  loading  is  shown  in 
Figure  11.  In  this  test  the  fabric  was  oriented  such  that  one  set  of  yams  was  in 
the  axial  direction.  In  Table  5 the  maximum  stresses  in  the  hoop  and  axial  directions 
and  the  corresponding  moduli  calculated  from  the  measured  strains  are  given.  These 
stresses  in  all  cases  were  below  the  failure  stresses  and  the  one  cylinder  was  used 
for  all  the  tests  reported  in  this  table. 

One  cylinder  with  yams  in  the  axial  direction  was  taken  to  failure.  The 
failure  appeared  to  be  by  tearing  in  the  axial  direction.  The  tear  propagated 
extremely  rapidly  and  ran  the  full  length  of  the  cylinder.  At  failure  the  internal 
2 

pressure  was  12  lb/in  and  the  hoop  and  axial  stresses  60  and  30  lb/in  respectively. 


frrr 


AXIAL  STRAIN,  • % 


Figure  11.  Axial  Stress,  Strain  Curves  in  th( 
Cylinder  Test  at  Different  Ratios,  a,  of  the 
Principal  Stresses 


STRESS  RATIO  N /N, 


Figure  12.  Variation  of  Modulus  with  Stress  Ratio; 

0 Circumferential  Stress/Strain,  6 « n/6 
□ Axial  Stress/Strain,  6 » o 

Theoretical  Curve  for  a Biaxial  Modulus  of  2400  lb/in  and  v 


Table  S.  Maximum  Principal  Stresses  and  Measured  Modulus  For  Cylinder  Test  With 
End  Loading 


Pressure  Cylinder 

Test 

Stress  Ratio 

VNo 

Axial  Stress 
N2 , lb/in 

Hoop  Stress 
Nq, lb/in 

Modulus 

No/e0 

Ib/in 

Modulus 

N2/e2 

Ib/in 

0.5 

15.3 

30.5 

1 ,560 

4,170 

0.6 

18.3 

30.5 

1,720 

2,950 

0.7 

21.4 

30.5 

1 ,850 

2,700 

0.8 

24.4 

30.5 

2,200 

2,450 

0.9 

27.5 

30.5 

2,410 

2,400 

1.0 

30.5 

30.5 

2,500 

2,300 

1.2 

36.6 

30.5 

2,630 

2,260 

1.4 

37.1 

30.5 

2,670 

2 ,230 

1.6 

36.0 

30.5 

2,700 

2,200 

1.8 

40.5 

26.5 

2 ,900 

2,170 

2.0 

45.0 

22.5 

3,030 

2,080 

3.  DISCUSSION 

The  isotropy  of  the  material  has  not  been  fully  examined  in  these  tests  however 
in  the  cylinder  test  the  axial  direction  is  parallel  to  one  set  of  yarns  and  the 
hoop  direction  is  at  30°  to  the  other  two.  The  moduli  in  different  directions  at 
similar  stress  ratios  should  be  the  same.  These  are  plotted  in  Figure  12  and  it 
may  be  seen  that  there  is  some  discrepancy.  In  this  curve,  the  theoretical  modulus 
corresponding  to  v = i is  also  plotted  for  a material  having  a modulus  in  equal 
biaxial  tension  of  2400  lb/in.  Part  of  the  discrepancy  between  the  theory  and  the 
experimental  results  can  be  attributed  to  creep  during  the  tests  and  to  errors  in 
determining  hoop  strains,  however  it  would  appear  that  while  isotropy  has  not  been 
fully  demonstrated,  it  would  be  a reasonable  assumption  for  design  purposes. 

From  the  results  in  the  cylinder  test  for  equal  biaxial  tension,  the  calculated 
uniaxial  modulus  using  Eq.  115)  is  approximately  1,600  lb/in.  This  agrees  well  with 
the  modulus  at  low  strain  rates.  Figure  8. 

The  rupture  stress  in  the  cylinder  test  was  considerably  higher  than  in  the 
tensile  tests  (whereas  the  theoretical  work  predicts  that  it  should  be  lower).  It 
is  likely  that  the  stresses  are  more  uniformly  applied  in  the  cylinder  test  while  in 
the  tensile  test,  the  failure  seems  to  occur  yarn  by  yarn. 


210 


1.  CONCl.l  SIGNS 


4 


The  theoretical  model  suggests  tliat  the  equi-axed  composite  fabric  should  deform 
in  an  isotropic  manner  although  its  rupture  characteristics  may  depend  on  the  orient- 
ation of  the  yams  with  the  stress  axis.  Theoretically  the  rupture  stress  is 
dependent  on  the  ratio  of  the  applied  principal  stresses  and  is  least  for  biaxial 
tension. 

The  fabric  will  only  support  a state  of  uniaxial  tension  if  one  set  of  yarns  is 
parallel  to  the  applied  stress  axis  but  for  stress  ratios  greater  than  1/3  any  orient- 
ation may  be  used.  The  predicted  Poisson's  ratio  of  1/3  is  not  fully  supported  by 
experimental  results  but  is  probably  a satisfactory  approximation. 

The  relaxation  and  strain  rate  dependent  behaviour  was  qualitatively  in  agree- 
ment with  the  visco-elastic  model  presented.  No  creep  experiments  were  performed 
although  these  would  be  of  value. 

Very  little  rupture  information  was  provided  by  the  experiments  but  in  view  of 
the  possibly  important  results  of  the  theoretical  model  of  rupture,  it  would  be 
advisable  for  experimental  studies  of  rupture  over  a range  of  stress  ratios  to  be 
carried  out  on  these  equi-axed  fabrics. 
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Therefore 


E1*E2  d°l 
Ej  E2  dt 


dt  Ej+E2 


or  -at  = - Xoi 


where  X = 


n(E1+E2) 


Integrating  we  obtain 


°1  = C1  e 


At  t = 0,  Oj  = E,  e0 


Therefore  Cj  = Ej  eD 


X Ej  e0  e 


Substituting  in  Eq.  (22) 
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Abstract 


A portion  of  the  instrumentation  developed  for  a joint  Sandia /Bell 
Laboratories  Gamma  Ray  Astronomy  experiment  is  described.  This  instru- 
mentation includes  PCM  command  and  telemetry  systems  with  extensive 
capabilities  for  transmission  of  digital  data.  The  ground  station 
contains  a mini-computer  which  stores,  monitors  and  displays  telemetry 
data  and  controls  the  command  system.  The  ground  station  and  RF  links 
form  a full-duplex  command  system  with  provisions  for  error  checking 
and  retransmission  of  unreceived  commands. 

The  pointing  system  which  directs  the  scientific  instrument  at 
chosen  celestial  bodies  is  also  described.  The  pointing  system 
utilizes  an  azimuth/elevation  mount  which  is  controlled  by  the  ground 
station  computer. 

The  performance  of  these  systems  in  flight  is  presented.  Flights 
include  October  1975  and  May  1976  launches. 


This  work  'was  supported  by  the  United  States  Energy  Research  and 
Development  Administration 
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I.  INTRODUCTION 


This  paper  describes  a portion  of  the  instrumentation  which  has  been 
developed  for  a Gamma  Ray  astronomy  experiment  sponsored  jointly  by  Bell 
Laboratories  and  Sandia  Laboratories.  The  objective  of  this  experiment  is 
the  detection  of  Gamma  Ray  lines  from  stellar  sources. 

The  primary  sensor  for  the  experiment  is  a Lithium  drifted  Germanium 
(CJe ( L i )J  detector.  Active  collimation  for  the  detector  is  provided  by  a 
Sodium  Iodide  shield  and  associated  photomultipliers  and  anti-coincidence 
circuitry.  The  active  collimation  results  in  an  acceptance  angle  of  12°. 

The  output  of  the  Ge(Li)  detector  is  processed  by  a 12  bit  (4096  channel) 
analog  to  digital  converter  (ADC).  The  gamma  ray  events  as  processed  by 
the  ADC  are  accumulated  in  the  payload  memory.  This  paper  describes  the 
pointing  system,  command  system,  telemetiy  system  and  ground  station  which 
were  designed  for  use  in  this  experiment.  The  primary  detector  and  anti- 
coincidence  shield  and  the  ADC  and  memory  are  not  covered  by  this  paper. 

2.  PAYLOAD 

The  gamma  ray  telescope  is  mounted  on  a horizontal  axis  in  a yoke  which 
rotates  about  a vertical  axis  on  the  center  line  of  the  payload.  The 
majority  of  the  payload  electronics  is  mounted  on  a structure  which  is 
attached  to  the  yoke  and  therefore  rotates  in  azimuth  with  the  telescope. 

The  remainder  of  the  payload  electronics,  the  balloon  control  instrumentation 
and  the  batteries  are  mounted  on  the  gondola.  Power  and  signal  connections 
are  made  from  the  gondola  to  the  yoke  mounted  electronics  through  a 20 
circuit  slip-ring  assembly  on  the  azimuth  axis.  Connections  from  the 
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electronics  box  mounted  on  the  yoke  to  the  telescope  are  made  through  service 
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loops . 

The  ballast  hopper  is  mounted  on  the  center  line  below  the  gondola.  A 
conical  design  is  used  in  an  attempt  to  keep  the  center  of  gravity  on  the 
center  line  as  ballast  is  released.  A telemetry  pack  including  two 
transmitters,  the  command  receiver  and  the  associated  antennas  is  suspended 
directly  below  the  ballast  hopper. 

2. 1 Pointing  System 

The  payload  pointing  system  points  the  gamma  ray  telescope  at  either  a 
chosen  stellar  source  or  in  a chosen  direction  for  collection  of  background 
data.  A block  diagram  of  the  pointing  system  is  shown  in  Figure  1.  The 
pointing  system  consists  of  three  control  loops  and  a diagnostic  sensor  for 
verification  of  proper  operation  of  the  system. 

2.1.1  AZIMUTH  CONTROL  LOOP 

The  telescope  azimuth  is  controlled  continuously  during  data  gathering 
by  the  azimuth  control  loop.  The  azimuth  axis  is  supported  by  two  large 
roller  bearings  on  either  side  of  a direct  drive  DC  servo  motor  which  has  no 
integral  bearings.  The  only  other  bearings  on  the  axis  are  associated  with 
the  slip  ring  assembly  which  is  mounted  directly  below  the  lower  support 
bearing.  This  arrangement  minimizes  friction  which  allows  some  degree  of 
passive  stabilization  and  reduces  the  power  required  to  maintain  a given 
azimuth. 

Torque  is  applied  between  the  gondola  and  the  telescope  axis  by  the 
servo  motor  which  is  driven  by  a bridge  type  power  amplifier.  Inertial  rate 
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stabilization  is  provided  by  a single  axis  rate  gyro  in  the  control  loop. 
Although  it  is  possible  to  stabilize  the  loop  without  rate  feedback,  its 
inclusion  allows  higher  pointing  accuracy  and  reduced  system  power 
consumption.  Position  feedback  is  provided  to  the  control  loop  by  a 50 
milli  Gauss  flux-gate  magnetometer.  The  input  axis  of  the  magnetometer  is 
mounted  in  the  horizontal  plane  on  a nonmetallic  support  approximately  30  cm 
above  the  electronics  box.  Changes  in  telescope  azimuth  are  accomplished 
by  rotating  the  magnetometer  in  respect  to  the  telescope. 

2.1.2  MAGNETOMETER  SERVO 


The  magnetometer  is  positioned  to  a given  command  angle  by  a digital 
servo  system.  The  magnetometer  support  is  mounted  directly  to  an  absolute 


shaft  angle  encoder.  A stepping  motor  is  coupled  to  the  support  through 
pinion  gears.  Limit  switches  are  also  provided  to  prevent  rotations  of 
greater  than  ±l80° . 

The  magnetometer  servo  is  operated  only  when  changes  in  the  command 
azimuth  angle  are  required.  When  this  is  the  case  the  angle  is  loaded  into 
the  control  register  by  the  command  system  and  the  stepping  motor  drives 
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the  magnetometer  until  the  required  angle  is  sensed  by  the  shaft  angle 
encoder.  The  drive  system  and  angle  encoder  are  then  shut  off.  The  accuracy 
of  this  servo  system  is  ±5  arc  minutes. 

2.1.3  ELEVATION  CONTROL  SYSTEM 

The  telescope  elevation  angle  is  controlled  by  a hybrid  servo.  The 
drive  is  provided  by  a DC  motor  and  its  associated  bridge  type  power 
amplifier.  The  motor  is  coupled  to  the  telescope  axis  by  pinion  gears  and  a 

218 


worm  wheel  drive.  The  worm  drive  provides  a self  braking  feature  for  the 
system  which  allows  the  elevation  drive  system  to  be  operated  only  when 
changes  in  elevation  angle  are  required. 


A tachometer  is  coupled  directly  to  the  motor  shaft  and  provides  rate 
feedback  for  the  control  loop.  The  control  loop  is  driven  in  either  a 
slewing  or  stepping  mode  by  digital  logic.  When  large  changes  in  elevation 
are  required  a command  angle  and  an  intermediate  angle  are  loaded  in  control 
registers.  The  telescope  is  drivai in  the  slewing  mode  until  the  intermediate 
angle  is  reached  and  then  switches  to  the  stepping  mode.  The  telescope  is 
then  driven  in  small  steps  until  the  required  angle  is  reached.  When  small 
angle  changes  are  required  the  system  is  started  directly  in  the  stepping 


The  sensor  for  the  elevation  control  loop  is  an  absolute  shaft  angle 
encoder  which  is  identical  to  that  used  in  the  magnetometer  servo.  The 
measurements  of  the  elevation  angle  are  referenced  to  the  yoke  structure 
and  therefore  to  the  gondola.  The  elevation  angle  error  is  therefore 
sensitive  to  the  orientation  of  the  payload.  It  is  then  necessary  for  the 
gondola  to  be  leveled  initially  and  to  remain  balanced  while  the  telescope 
rotates  in  azimuth  and  elevation  and  when  ballast  is  released.  Two 
inclinometers  mounted  at  right  angles  are  included  to  monitor  the  nayload 
orientation  during  checkout  and  flight. 

2. 1.4  SUN  SENSOR 

A sun  sensor  is  mounted  on  the  telescope  to  provide  verification  of 
the  proper  operation  of  the  pointing  system  during  checkout  and  flight. 

The  acceptance  angle  of  the  sensor  is  approximately  2°.  The  coordinates 


of  the  sun  are  input  to  the  pointing  system  periodically  and  the  sensor 
output  is  checked  to  verify  that  the  sun  is  within  its  field  of  view. 

2.2  Telemetry  System 

Both  primary  data  from  the  gamma  ray  telescope  and  state  of  health 
information  are  telemetered  during  pre-launch  checkout  and  flight.  Pay- 
load  assembly  tests  and  calibration  may  be  performed  using  a hard-wire 
connection  to  the  telemetry  data  through  the  payload  umbilical.  During 
in-flight  data  collection  the  output  from  the  gamma  ray  telescope  is 
continuously  accumulated  in  the  payload  memory.  The  telemetry  system  is 
operated  periodically  to  dump  the  memory,  update  the  pointing  system  and 
monitor  the  payload  state  of  health.  This  approach  reduces  the  payload 
power  consumption  and  eliminates  the  need  for  continuous  recording  in  the 
ground  station.  A block  diagram  of  the  uayload  telemetry  and  command 
systems  is  shown  in  Figure  2. 

2.2.1  RF  LINK 

Telemetry  data  is  transmitted  to  the  ground  using  redundant  p-band 
5M  transmitters  with  a nominal  power  output  of  3 watts.  Omni-directional 
ground-plane  antennas  are  mounted  on  the  telemetry  pack  and  are  fed  with 
short  lengths  of  coax.  The  active  transmitter  is  modulated  by  a 64000  bit 
per  second  NRZ-PCM  data  stream.  Hie  modulation  level  is  adjusted  to  give 
a deviation  of  approximately  100  kHz, 

2.2.2  PCM  ENCODER 

A standard  pre -programmable  PCM  encoder  is  used  to  generate  the  serial 
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telemetry  data  stream.  The  main  frame  consists  of  l6  nine  bit  words  which 
consist  of  eight  data  bits  and  odd  parity.  An  optimal  27  bit  sync  code 
which  is  complemented  at  the  data  cycle  rate  is  used  for  format  synchroni- 
zation. The  l6  data  words  are  divided  into  8 digital  input  words  and  8 
analog  input  words.  Two  each  of  these  digital  and  analog  inputs  are  used 
for  12  word  sub-frames.  The  resulting  30  analog  channels  are  used  to 
monitor  pointing  system  signals,  the  inclinometers  and  the  usual  state  of 
health  data. 

2.2.3  PAYLOAD  MEMORY  INTERFACE 

Four  of  the  main  frame  digital  word  inputs  are  used  to  monitor  the 
telescope  data  during  data  accumulation  and  to  read  the  memory  during  a 
memory  dump.  Two  of  the  words  contain  the  memory  output  data  (10  bits) 
plus  an  overflow  bit  which  is  set  if  any  word  in  the  memory  overflows 
during  data  collection.  Two  digital  input  words  are  used  for  the  memory 
address  (12  bits).  Ir_  each  case  the  data  is  aligned  with  the  most 
significant  bit  and  the  unused  bits  are  set  to  zero. 

During  data  accumulation  the  memory  data  telemetered  is  that  which 
remains  from  the  last  gamma  ray  event  which  was  processed  by  the  memory. 
This  enables  the  ground  station  operators  to  verify  that  the  memory  is 
collecting  data  before  commanding  the  telemetry  system  off.  During  memory 
reading  the  data  is  read  sequentially  at  a rate  of  one  word  per  PCM  frame. 
The  data  bit  rate  was  chosen  so  that  the  entire  memory  could  be  read  in  a 
reasonable  time  (ll  seconds). 

2.2.4  DIGITAL  SUBFRAMES 

A 16  bit  digital  data  bus  is  used  to  generate  the  digital  subframes. 

221 


IMfiTMi 


v*. 


The  data  bus  is  implemented  using  3-state  CMOS  gates  which  are  controlled 
so  that  the  correct  word  is  inserted  into  the  PCM  data  stream  in  each  frame. 
The  use  of  a bus  structure  and  the  3-state  gates  simplifies  the  wiring 
associated  with  the  digital  devices  in  the  payload.  These  devices  include 
the  angle  encoders  associated  with  the  pointing  system,  counters  which 
monitor  the  counting  rates  in  the  telescope  and  various  bi-level  monitors. 

2.3  ('.omnia i id  System 

The  command  system  design  is  based  on  a commercially  available 
encoder-decoder  set  which  has  the  two  modes  of  operation.  In  the  relay 
mode  the  system  transmits  latching  commands  to  relays  in  the  payload  which 
are  used  primarily  for  power  circuit  switching  for  the  various  payload 
devices.  In  the  data  mode  the  system  transmits  16  bit  digital  data  which 
is  available  as  parallel  outputs  with  a data  strobe  at  the  decoder. 

2.3.1  COMMAND  BUS 

The  digital  capability  of  the  command  system  is  used  to  provide 
command  angles  to  the  pointing  system  and  to  drive  digital  to  analog 
converters  which  set  discriminator  levels  in  the  counting  systems  associated 
with  the  gamma  ray  telescope.  This  is  implemented  using  a bus  structure. 
Four  of  the  sixteen  available  bits  are  used  as  an  address  which  when 
decoded  and  "ANDED"  with  the  strobe  provides  a "LOAD"  pulse  to  one  of  16 
possible  registers  on  the  bus.  The  remaining  12  bits  are  used  as  command 
data.  This  allowed  the  transmission  of  12  bit  command  words  to  the  devices 


on  the  command  bus. 


COMMAND  DUPLEX  SYSTEM 


The  command  decoder  has  been  modified  so  that  a six  bit  digital  word 
which  corresponds  to  a given  relay  command  number  is  available  as  an 
output.  This  word  and  the  16  bit  digital  data  word  are  input  to  the 
digital  telemetry  bus.  This  provides  a duplex  feature  for  both  relay  and 
data  commands.  An  additional  bit  which  changes  state  each  time  a command 
is  received  is  also  included. 

3.  GROUND  STATION 

The  ground  station  for  this  experiment  is  assembled  in  a motor  home 
which  has  been  extensively  modified  for  missions  of  this  type.  The  result 
is  a complete  mobile  ground  station  which  is  self-contained  with  the  excep- 
tion of  a trailer  mounted  power  plant.  A block  diagram  of  the  essential 
parts  of  the  ground  station  is  shown  in  Figure  3* 

3.1  Telemetry 

3.1.1  ANTENNAS 

Two  vertically  polarized  p-band  yagi  antennas  are  mounted  on  the  roof 
of  the  motor  home.  The  antennas  may  be  rotated  manually  in  azimuth  from 
inside  the  motor  home.  The  antennas  may  be  operated  independently  or  phased 
together  to  give  increased  gain  if  required. 

3.1.2  RECEIVERS 

Two  telemetry  receivers  are  mounted  in  the  motor  home.  They  are 
operated  with  independent  antennas  or  with  a multicoupler  when  the  antennas 
are  phased  together.  No  preamplifiers  are  used  in  either  case  as  the  feed 
lines  are  short. 
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3.1.3  BIT  synchronization 


The  output  of  the  primary  telemetry  receiver  is  connected  to  a bit 
synchronizer  which  converts  the  filtered  telemetry  stream  to  unfiltered 
Bi-Phase  PCM.  This  is  fed  directly  to  the  tape  recorder. 

3.1.4  TAPE  RECORDERS 

Two  instrumentation  tape  recorders  are  included  in  the  ground  station. 
The  primary  recorder  uses  14  track  IRIG  Wideband  II  heads.  This  allows  the 
64000  bit  per  second  Bi-Phase  PCM  to  be  recorded  at  7.5  inches  per  second. 

3.1.5  PCM  FORMAT  SYNCHRONIZATION 

The  Bi-Phase  PCM  from  the  reproduce  output  of  the  tape  recorder  is 
reconditioned  in  a bit  synchronizer  which  drives  a format  synchronizer 
and  data  display  system.  Digital  to  analog  converters  in  the  data  display 
are  used  to  generate  an  X-Y  display  of  the  memory  data.  This  allows  a 
low  resolution  real  time  display  of  the  pulse  height  spectra  as  it  is 
accumulated  or  read  out.  The  telemetry  data  is  also  presented  as  a parallel 
output  at  the  format  synchronizer  which  is  connected  to  a direct  memory 
access  channel  in  the  ground  station  computer. 


3.2  Command  System 

3.2.1  ANTENNAS 

The  primary  command  antenna  is  a vertically  polarized  yagi  which  may 
be  rotated  in  azimuth  from  inside  the  motor  home.  An  omni-directional 
whip  antenna  is  also  available. 

3.2.2  TRANSMITTER 

The  command  transmitter  is  a 100  watt  crystal  controlled  FW  transmitter. 
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The  command  frequency  used  in  the  experiment  was  U16.600  mHz. 


< 


* 


i 


3.2.1  ENCODER 

The  command  encoder  has  been  modified  to  include  a computer  interface. 

In  normal  operation  of  the  ground  station  the  command  encoder  is  controlled 
exclusively  by  the  ground  station  computer  on  a program  controlled/interrupt 
basis.  In  the  sequence  of  the  transmission  of  a command  two  words  are 
transferred  to  the  command  encoder  interface.  The  first  word  contains  the 
mode  (relay  or  data)  and  the  6 bit  address  associated  with  the  decoder. 

The  second  word  contains  either  the  16  bit  data  word  or  the  6 bit  relay 
command  number.  Upon  completion  of  the  transmission  of  the  command,  an 
interrupt  is  requested  by  the  command  encoder  interface  in  the  ground  station 
computer. 

3.3  Time  Code  System 

3.3.1  GENERATION  AND  RECORDING 

IRIG-B  Time  code  on  a 1000  Hz  carrier  is  generated  using  a standard 
time  code  generator.  Prior  to  launch  the  generator  is  synchronized  to  WWV. 
The  time  code  is  recorded  on  magnetic  tape  with  the  telemetry  data.  The 
reproduce  output  is  connected  to  a time  code  translator  to  insure  that 
the  time  code  is  being  properly  recorded. 

3.3.2  COMPUTER  INTERFACE 

A specially  designed  time  code  translator  which  is  contained  on  a 
general  purpose  computer  interface  board  is  used  to  provide  timing  to  the 
computer.  The  time  code  translator  will  decode  IRIG  A or  B in  real  time 
only.  The  translator  generates  an  interrupt  once  per  second  and  is  used 
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to  provide  absolute  time  synchronization  for  the  computer  software. 
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The  ground  station  computer  is  a commercial  mini-computer  with  32768 
words  of  core  memory.  The  computer  includes  a video  terminal,  real  time 
clock  and  a hardware  multiply  and  divide  unit.  The  computer  performs  a 
number  of  important  functions  which  are  essential  to  an  experiment  of  this 
type. 

3.4.1  COMPUTER  FUNCTIONS 

3. 4. 1.1  Telemetry  Data  Processing 

Data  from  the  PCM  format  synchronizer  is  input  to  the  computer  on  a 
direct  memory  access  channel.  An  interrupt  is  generated  at  the  completion 
of  each  data  frame.  A buffer  swapping  arrangement  is  used  in  which  one 
buffer  is  used  by  the  software  while  the  second  is  being  written  by  the  PCM 
synchronizer.  At  the  end  of  the  frame  the  buffers  are  exchanged  in  the 
interrupt  service  routine.  The  use  of  the  direct  memory  access  channel 
reduces  the  overhead  associated  with  the  data  transfers  and  allows  operation 
at  much  higher  data  rates. 

R.4.1.2  State  of  Health  Monitoring 

The  computer  monitors  and  displays  upon  command  all  of  the  state  of 
health  monitors  in  the  payload.  The  raw  data  is  converted  to  more  convenient 
units  and  displayed  with  appropriate  headings.  Each  function  is  checked 
against  pre-programmed  upper  and  lower  limits  and  marked  with  a flashing 
character  if  the  value  is  out  of  these  limits.  The  display  is  updated  once 
every  two  seconds. 
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Command  System  Control 


The  ground  station  command  system  operates  entirely  under  computer 
control.  A string  of  commands  may  be  initiated  by  the  operator  at  the 
terminal  keyboard  or  by  software  calls  to  various  subroutines.  When  a 
command  string  is  initiated  the  command  encoder  is  started  by  the  command 
system  driver.  When  the  encoder  has  completed  transmission  of  the  command 
an  interrupt  is  generated.  The  interrupt  service  routine  then  checks  th 
command  dunlex  data  in  the  telemetry  buffer  to  see  if  the  oroper  command 
has  been  received.  If  so  the  next  command  in  the  string  is  then 
transmitted.  If  no  command  was  received  the  same  command  is  retransmitted. 

If  an  erroneous  command  was  received  (an  unlikely  event)  an  error  routine 
is  called  which  warns  the  operator  of  the  problem. 

?,4.1.4  Pointing  System  Control 

The  payload  pointing  system  is  controlled  automatically  by  the  computer. 
The  operator  selects  the  mode  of  the  pointing  system  operation  and  inputs 
the  appropriate  data.  In  the  azimuth/elevation  mode  the  operator  types  in 
compass  deviation,  azimuth  and  elevation.  The  computer  then  issues  the 
necessary  commands  to  point  the  telescope  in  the  required  direction.  If 
the  software  detects  a malfunction  in  the  system  the  error  routine  is 
called.  When  the  required  angles  are  reached  commands  are  sent  to  turn  off 
unnecessary  devices  in  the  payload.  The  telescope  remains  pointed  in  the 
given  direction  until  new  data  is  typed  in  by  the  operator. 

In  the  right  ascension/declination  mode  the  operator  types  in  comoass 
deviation,  payload  latitude  and  longitude  and  source  right  ascension  and 
declination.  The  software  then  computes  the  required  azimuth  and  elevation 
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using  the  Universal  Time  from  the  time  cod3  interface.  The  software  then 
generates  the  necessary  commands  to  achieve  the  required  angles  using  the 
same  subroutines  as  used  in  the  azimuth/elevation  mode.  The  software 
monitors  the  time  and  updates  the  azimuth  and  elevation  at  preprogrammed 
intervals,  usually  5 minutes. 

^.4.1.5  Memory  Data  Processing 

Upon  command  from  the  operator  a complete  memory  dump  from  the  payload 
is  stored  in  a block  of  core.  If  a parity  error  is  detected  in  either  the 
memory  address  or  contents  the  data  word  is  discarded  and  read  in  the  next 
cycle  through  the  payload  memory.  When  all  4096  words  have  been  received 
without  the  detection  of  parity  errors  the  operator  is  notified  that  the 
memory  dump  is  complete. 

The  operator  may  then  perform  one  of  three  operations  on  this  data 
using  three  remaining  4096  word  blocks  of  core.  The  operations  are  "MOVE", 
"ADD"  and  "SUBTRACT".  This  allows  the  operator  to  accumulate  source  and 
background  data  from  the  gamma  ray  telescope  and  to  subtract  the  background 
data  from  the  source  data.  The  operator  may  then  generate  a plot  of  any 
of  four  sets  of  data  in  core  using  an  X-Y  point  plotter  which  is  interfaced 
with  the  computer. 

R.4.2  SO? WARE  STRUCTURE 

No  mass  storage  devices  are  carried  in  the  motor  home.  This  requires 
that  the  ground  station  software  be  completely  core  resident.  A paper 
tape  reader  is  carried  to  allow  the  reloading  of  the  program  in  the  event 
of  software  or  hardware  malfunction. 


The  software  for  this  experiment  was  written  entirely  in  assembler 
language.  A real  time  operating  system  is  used  as  an  executive  to  control 
the  execution  of  various  software  tasks.  The  software  was  written  so  that 
it  can  also  be  used  for  post  flight  data  reduction.  This  requires  a disk 
system  and  magnetic  tape  drive  and  is  restricted  to  a laboratory  environ- 
ment. 

4.  FLIGHTS 

The  payload  described  in  this  paper  has  been  flowr.  twice,  most 
recently  in  May,  1976.  On  both  occasions  it  was  launched  from  Holloman 
Air  Force  Base,  New  Mexico  by  the  Air  Force  Geophysical  Laboratory. 

Balloon  control,  instrumentation  and  location  systems  designed  by  AFGL 
were  used  in  both  flights. 

1. 1 Flight  I 

Flight  I was  launched  on  October  1^,  1975*  Several  problems  were 
encountered  which  eventually  caused  the  premature  termination  of  the  flight. 
High  voltage  breakdowns  disabled  two  of  the  four  sections  of  photomultipliers 
associated  with  the  Nal  anticoincidence  shield.  A seizure  in  the  azimuth 
drive  system  caused  the  power  amplifier  to  draw  excessive  power  which 
eventually  caused  the  loss  of  experiment  power. 

No  scientific  data  was  gathered  in  Flight  I.  The  pointing  system  did 
operate  properly  for  a short  time  as  verified  by  use  of  the  sun  sensor. 

The  remainder  of  the  payload  instrumentation  operated  properly  until  these 
problems  occurred.  The  ground  station  operated  well  with  the  exception  of 
some  problems  encountered  with  the  ability  of  the  software  to  utilize  noisy 
telemetry  signals. 
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Flight  II  was  launched  on  May  10,  1976.  The  ixperiment  gathered 
excellent  scientific  data  for  approximately  20  hours.  Some  problems  were 
encountered  but  the  entire  experiment  operated  well  during  most  of  the 
flight.  Th ; data  has  been  analyzed  and  there  are  indications  that 
significant  scientific  results  were  obtained. 

5.  COM'.I.l  SIGNS 

This  oaper  has  described  a payload  which  was  develcned  for  a gamma 
ray  astronomy  experiment.  Advanced  techniques  which  proved  very  effective 
were  used  in  many  aspects  of  the  design.  These  techniques  could  be 
applied  with  equal  effectiveness  in  similar  balloon  borne  experiments. 
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Diagram  of  the  Payload  Command  and  Telemetry  Systems 


16.  Balloon  Altitude  Mosaic  Measurements  (BAMM)  Program 

W.G.  Weppner,  Major,  USAF 
Space  and  Missile  Systems  Organization 
Los  Angeles,  California 


Abstract 


The  Balloon  Altitude  Mosaic  Measurements  (BAMM)  Program  will  conduct 
measurements  of  earth  backgrounds  from  100,  000  ft  altitude.  Data  obtained  will  be 
used  to  support  the  SAMSO  Mosaic  Sensor  Program,  the  development  of  a detector 
array  for  possible  use  in  future  space  surveillance  systems.  Prior  to  the  discus- 
sion of  the  BAMM  Program,  a brief  outline  of  the  approach  to  Mosaic  Sensor 
Technology  will  be  given. 


A Mosaic  Sensor  is  one  which  "stares"  at  events  in  object  space  and  responds 
to  source  motion  or  changes  in  source  intensity.  In  effect,  a Mosaic  Sensor  will 
detect  moving  sources  and  automatically  reject  stationary  events  in  the  background 
scene.  Since  its  instantaneous  and  total  fields  of  view  coincide,  short  duration 
events  can  also  be  detected. 

The  design  of  a Mosaic  Staring  Sensor  involves  a compromise  between  mission 
requirements  on  one  hand  and  the  constraints  imposed  by  cost,  technology,  and 
implementation  on  the  other.  Conceptual  designs  consider  mosaic  arrays  of  per- 
haps 100,  000  detectors /in^.  ' 
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Airborne  measurements  will  increase  the  understanding  of  the  effects  of  back- 
ground phenomena  on  Mosaic  Sensors  and  will  influence  their  design.  Two  different 
effects  in  background  will  affect  the  mosaic  performance.  First,  variations  in 
background  intensities  with  time,  will  cause  a response  in  the  sensor,  second, 
assuming  a stationary  background,  platform  motion  will  cause  the  sensor  to  effec- 
tively "scan"  the  non-moving  background  and  produce  returns  in  the  sensor  output. 

In  June  of  this  year,  the  Mosaic  Sensor  Program  began  with  an  award  of  two 
contracts  for  Mosaic  Sensor  Concept  Definition  and  Validation.  The  program  will 
culminate  in  a satellite -borne  sensor  being  deployed  in  the  1980-81  time  period. 

The  Balloon  Altitude  Mosaic  Measurements  (BAMM)  Program  will  provide  an 
early  assessment  of  the  potential  of  a Mosaic  Staring  Array  as  a space -borne  sur- 
veillance sensor.  The  program  has  two  basic  objectives. 

(A)  To  measure  differing  backgrounds  and  how  these  backgrounds  vary 
with  time,  spatially,  and  spectrally. 

(B)  To  obtain  data  on  how  stable  a platform  must  be  in  order  for  a 

Mosaic  Array  to  perform  as  a Staring  Sensor. 

An  infrared  radiometer  and  interferometer  with  simplified  Mosaic  Sensors 
as  focal  planes  will  be  carried  aloft  to  approximately  100,  000  ft  via  a free  balloon. 
Background  measurements  will  be  made  over  known  areas  of  high  return:  cirrus 
clouds  at  approximately  9 to  10  km  altitude,  lakes  and  snowfields  of  any  altitude, 
and  land/sea  interfaces,  a source  of  returns  from  surf.  Background  produced  from 
the  formation  of  cumulus  clouds  will  also  be  measured. 

The  flight  program  begins  with  two  flights  from  Chico,  California.  The  primary 
objective  of  the  first  flight,  other  than  system  checkout,  will  be  to  measure  the 
background  from  high  altitude  lakes  such  as  Lake  Tahoe  and  Pyramid  Lake.  Three 
launches  from  Holloman  AFB,  New  Mexico  will  yield  background  measurements 
from  cirrus  clouds  and  snow  fields  in  the  area  of  Mount  Blanca.  Finally,  the  pro- 
gram will  conclude  with  two  flights  from  Eglin  AFB,  Florida  which  will  provide 
measurements  of  land/sea  interfaces  in  the  Gulf  Coast  area  and  ocean  glint,  both 
at  low  sun  scattering  angles.  In  addition,  cumulus  cloud  buildup  as  a function  of 
time  will  be  observed. 

The  vehicle  will  be  a 3,  000,  000  cu  ft  polyethylene  balloon.  The  payload  weight 
is  estimated  at  1800  lbs.  Measurement  altitude  will  be  between  95,000  and  100,000 
ft.  The  planned  mission  duration  is  eight  to  ten  hrs.  The  BAMM  Instruments  will 
point  from  0°  local  vertical  to  80°  elevation  at  a slow  rate  of  16° /min.  Pointing 
accuracy  will  be  within  one  arc  sec/sec.  Torque  motors  are  used  for  coarse  control, 
360°  in  azimuth,  0°  to  80°  in  elevation.  Fine  control  is  achieved  using  ball  bear- 
ings driven  through  a servo-control  loop,  ± 5°  in  each  of  three  axes.  A Doppler 
radar,  accurate  to  within  one -half  ft/sec,  will  feed  a velocity  vector  to  the  on-board 
computer.  These  signals  will  be  converted  to  roll  and  evaluation  angles  for  fine 
control.  Maximum  balloon  drift  is  expected  to  be  30  knots. 
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The  radiometer  will  measure  background  radiant  intensity  in  the  short  wave 
inlrared.  Variations  with  space  and  time  will  be  recorded.  The  focal  plane  for 
the  radiometer  will  be  a Mosaic  Array  consisting  of  16  square  elements  arranged 
in  a 4 X 4 matrix.  The  resolution  of  each  element  at  Nadir  is  one-half  mile  on  a 
side.  The  platform  will  be  able  to  scan  off  the  local  vertical  to  about  80°.  At  this 
angle,  resolution  perpendicular  to  the  line-of-sight  will  be  about  three  miles  on  a 
side.  An  interferometer  will,  simultaneously,  measure  spectral  background  varia- 
tions from  2.  5 to  5.  5 g m.  Like  the  radiometer,  the  focal  plane  will  be  a 16  element 
square  array  with  the  same  lields -of -view. 

In  addition,  an  on-board  television  and  a 16  mm  camera  will  focus  along  the 
same  line-of-sight  as  the  radiometer  and  interferometer.  The  tv  will  provide  sur- 
vey capability  for  selecting  scene  objectives  as  well  as  synchronizing  real  time 
operations  with  radiometric  and  interferometric  measurements  for  post  flight 
analysis. 

Payload  recovery  is  paramount.  Plans  are  for  two  helicopters  of  the  HH-53 
or  CH-3  variety  to  be  provided  for  aerial  recovery  operations,  one  primarv  and  one 
back-up.  One  of  the  helicopters  will  be  on  standby  in  the  launch  area  to  support  an 
abort  contingency.  After  launch  it  will  be  transferred  to  the  recovery  area. 

The  BAMM  Program  is  managed  by  the  Deputy  for  Space  Defense  Systems, 

Space  and  Missile  Systems  Organization.  The  Optical  Physics  Division  of  the  Air 
Force  Geophysics  Laboratory  is  developing  the  BAMM  instruments  and  stabilized 
platform.  Balloon  operations  will  be  conducted  by  the  Aerospace  Instrumentation 
Division,  AFGL.  The  6514th  Test  Squadron,  Hill  Air  Force  Base  will  furnish  sup- 
port to  certify  mid  air  recovery  by  helicopter.  Actual  recovery  will  be  performed 
by  flight  crews  from  Davis  Monthan  AFB  for  the  Chico  and  Holloman  launches,  and 
Tyndall  AFB  for  the  Eglin  Operations. 
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In  this  paper  an  application  of  a numerical  parameter  estimation 
process  used  to  predict  the  attitude  of  a balloon  system  employed  by 
NASA  in  a high  altitude  experiment  is  discussed.  The  process  is  general 
and  can  be  employed  to  determine  the  state  of  any  dynamic  system  given 
the  system  math  model  and  data  on  the  system  motion. 
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The  LACATE  (Lower  Atmosphere  Composition  and  Temperature  Experiment) 
mission  was  a high  altitude  balloon  platform  test  which  employed  an 
infrared  radiometer  to  sense  vertical  profiles  of  the  concentrations  of 
selected  atmospheric  trace  constituents  and  temperatures.  The  constitu- 
ents were  measured  by  inverting  infrared  radiance  profiles  of  the  earth's 
horizon.  The  radiometer  I i ne-of-si ght  was  scanned  vertically  across  the 
horizon  at  approximately  0. 25?second.  The  relative  vertical  positions  of 
the  data  points  making  up  the  profile  had  to  be  determined  to  approximately 
20  arc  seconds. 

The  balloon  system  for  accomplishing  the  mission  is  shown  in  Fig.  I. 

It  consisted  of  (a)  a 39  million  cubic  feet  (zero  pressure)  balloon, 

(b)  a load  bar  containing  the  balloon  control  equipment,  (c)  a package 
containing  additional  balloon  control  electronics  with  gondola  recovery 
parachute,  and  (d)  a gondola  containing  the  research  payload.  The  balloon 
was  designed  to  lift  the  payload  to  a float  altitude  of  approximately 
150,000  feet.  Instrumentation  to  determine  attitude  consisted  of  a 
magnetometer  and  3 orthogonally  oriented  precision  rate  gyros.  The 
magnetometer  and  rate  gyros  were  flown  with  the  research  payload  on  the 
instrumentation  platform,  and  their  output  was  telemetered  to  ground 
operations  for  recording  and  real  time  data  reduction  and  display.  The 
three  rate  gyros  were  employed  to  obtain  an  accurate  time  history  of  the 
angular  velocity  components  of  the  research  platform  for  subsequent  data 
reduction  and  attitude  determination. 

The  main  problem  in  the  LACATE  experiment  was  to  determine  the 
i nstantaneous  orientation  (i.e.  the  attitude)  of  the  instrumentation 

platform  with  respect  to  a local  vertical.  Moreover,  this  orientation  had 
to  be  determined  with  a very  high  precision.  Once  this  was  known, the 

orientation  of  the  I i ne-of -s i ght  of  the  radiometer  could  be  determined 
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since  its  relative  motion  with  respect  to  the  platform  was  prescribed. 

In  order  to  determine  the  orientation  of  the  platform  as  a function  of 
time,  it  was  necessary  to  determine  the  attitude  or  instantaneous  state 
of  the  entire  system. 

The  state  of  any  system  can  be  determined  as  a function  of  time  if 

(a)  a method  for  predicting  the  motion  of  the  system  is  available  and 

(b)  the  initial  state  is  known.  The  system  motion  can  be  predicted  once 
the  system  model  is  determined.  The  initial  state  can  be  obtained  by 
fitting  the  system  motion  (as  measured  by  sensors)  to  the  corresponding 
output  predicted  by  the  mathematical  model.  In  the  case  of  the  LACATE 
experiment  the  sensors  cons.sred  of  the  three  orthogonally  oriented  rate 
gyros  and  a magnetometer  all  mounted  on  the  research  platform.  The  initial 
state  can  be  determined  by  fitting  the  angular  velocity  components  measured 
with  the  gyros  to  the  corresponding  values  predicted  from  the  solution  of 
the  system  math  model.  A block  diagram  illustrating  the  attitude  determin- 
ation process  employed  for  the  LACATE  system  is  shown  in  Fig.  2. 

2.  MATH  MODEL 

The  system  math  model  must  be  obtained  in  order  to  predict  the 
motion  of  the  balloon  system  at  float  altitude  since  all  forms  of  output 
(e.g.  platform  angular  velocity)  can  be  determined  once  this  is  known. 

The  system  motion  is  very  complex  and  involves  various  types  of  oscilla- 
tion including  bounce,  pendulation  and  spin.  Moreover,  the  complexity 
of  the  motion  is  increased  with  increasing  number  of  subsystems. 

An  exact  dynamic  model  for  the  balloon  subsystem  would  consist  of 
the  equations  of  motion  for  the  solid  (balloon  fabric)  and  the  fluid 
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be  simplified  by  treating  the  balloon  as  a lumped  parameter  (rigid  body) 
element.  This  is  accomplished  by  developing  approximate  expressions  for 
the  aerodynamic  forces  and  torques  which  result  due  to  the  interaction 


between  the  balloon  and  fluid  media  (reference  I).  These  forces  and 
torques  can  then  be  treated  as  external  reactions  on  the  solid  system. 

For  purposes  of  developing  the  simplified  system  model,  the  LACATE 
system  was  idealized  as  shown  in  Fig.  3.  The  balloon  subsystem  was 
treated  as  an  equivalent  rigid  body  and  the  mass  of  the  entire  system  was 
lumped  at  the  center  of  gravity  of  the  balloon  and  positions  I,  2 and  3 
as  shown  in  Fig.  3.  The  ring  and  clevis  connectors  at  positions  I and  2 
were  assumed  to  be  ideal  ball  and  socket  joints  which  permit  three 
dimensional  rotation.  Twelve  generalized  coordinates  were  chosen  to 
specify  the  system  configuration.  These  consisted  of  three  translational 
coordinates  to  locate  the  mass  center  of  the  balloon,  three  Eulerian 
ang'es  to  specify  the  orientation  of  the  balloon,  and  three  Eulerian 
angles  to  specify  the  orientation  of  each  of  the  remaining  subsystems. 

Several  sets  of  Euler  angles  are  possible  for  fixing  the  orientation 
of  each  subsystem.  The  set  selected  for  this  study  is  shown  in  Fig.  4. 


This  set  was  chosen  so  that,  for  the  case  of  small  motion,  the  angles  0. 
and  \(i.  measure  pendulation  in  two  mutually  perpendicular  planes.  The 
pendulation  angles  in  the  0 plane  are  shown  in  Fig.  5. 


A lumped  parameter  system  model  was  then  developed  for  the  balloon 
system  by  employing  Lagranges  equations  and  the  details  for  this  development 
can  be  found  in  reference  I.  A first  order  form  of  this  model,  which 
involves  only  the  pendulation  angles  (0.,  ip . ) and  spin  angles  is  given 
as  fol lows. 


0 t AO  = 0 , 


+ Aip  = 0 , and 


ifj  = 0 , where 
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0.,  tjj.  = pendulation  angles  in  the  two  orthogonally  oriented 


planes,  and 


A - (a,  .)  i , j = I ...  3. 
Ij  J 


The  elements  a.j  are  defined  in  terms  of  the  system  parameters  and  these 


expressions  are  presented  in  reference  I. 


The  relationship  between  the  platform  motion  (6^,  b^,  $3  and 


and  the  platform  angular  velocity  components  is  obtained  through  the 
application  of  the  Euler  angle  transformations  to  the  system  platform 
shown  In  Fig.  6.  These  transformation  equations  are  given  as  follows: 


cos  cos  + iji^  sin  $3  , 


u2  = -03  cos  ^3  s'n  ^3  + ^3  cos  *3  ’ an<^ 


(7) 


= 0^  sin  <J/j  + <t> 3,  where 


id. (I  = 1,2,3)  = angular  velocity  components  of  the  platform 


along  e.  direction, 

6^  = pendulation  angle  in  the  e^  e^  plane, 
ij<^  = pendulation  angle  in  the  e|  e^  plane,  and 
$2  = spin  angle  about  the  e^  axis. 

Equation  7 enables  one  to  determine  the  platform  angular  velocity 


components  relative  to  an  axis  fixed  in  the  earth.  The  revised  forms  of 
the  expressions,  corrected  for  earth  rate,  are  given  below: 


243 


sp  w>>m«ara'cm*a^ 


* 


uj  = 0jC os  i|i^cos  ijc^sin  cos  X cos  i|/^cos  <{> ^+ 

Uj.  sinX(-  cos  e^sin  if/^cos  41-^+  sin  G^sln  <*>5) 

u ' - e^cos  iji^sin  4^+  i^cos  cos  X cos  iji^sin  $5+  (8) 

Wp  sin  X (cos  O^sin  vJj^s i n 4^+  sin  fi^cos  <}>^ > 

o’  = 0jSin  i(ij+  4^+  Up  cos  X sin  1^+  Up  sin  X cos  e^cos  i|«j,  where 

X = latitude  of  location, 

00^  = earth's  rate,  and 

to ’ (i  = 1,2,3)  = angular  velocity  components  (along  e. 
i 1 

direction)  relative  to  an  Inertial  reference 


The  angular  velocity  components  (oj|  ) can  be  predicted  from  Eq.  (8)  once 
the  pendulatlon  angles  (0^,  iji^),  the  spin  angle  (4^)  and  their  respective 
rates  are  known  as  functions  of  time;  i.e.  once  the  math  model  is  solved. 


X SOLUTION  OF  MATH  MODEL 


The  solution  to  Eq.  (I)  can  be  obtained  by  assuming  the  following 
form  for  0 

0 = X sin  nt  . <9) 

Substitution  of  Eq.  (9)  into  Eq.  (I)  yields  the  following  eigenvalue  problem, 

AX  = n2X  , where  (10) 


X . ( i = 1,2,3)  = X^j  are  the  eigenvectors,  and 


fi.(  i = 1,2,3)  are  the  respective  eigenvalues. 


«*•'  t Xjrps*: M.fir . my. 


Equation(IO)  can  be  solved  numerically  on  a computer.  The  solution  to 
Eq.  (2)  is  obtained  in  the  same  way  and  yields  the  identical  eigenvalue 
problem.  The  solution  to  Eq.  (3)  is  obtained  by  integrating  twice  with 


< 

it 

f 


respect  to  time  (t).  The  final  closed  form  solutions  for  0,  i|/,  and 
are  given  as 


II 

J*l 

o 

s i n 

V 

+ c2 

COS 

n.t) 

+ X2(c3 

s i n 

n2t 

+ c4 

cos 

n2t) 

+ *3(C5 

sin 

°3+ 

+ C6 

cos 

n3t)  , 

II 

_x| 

o 

"J 

s i n 

V 

+ C8 

cos 

n,t) 

+ x2(c9 

s i n 

o2t 

+ c|0  cos 

i n2t) 

+X3(C|, 

sin  fi-j- 

f + c 

l2  cos  n3t) 

<t>3(+>  = 

at 

+ *3 

<+0>, 

where 

C|(i  = 

1,2, 

• • • , 

12)  = 

constants 

the 

i ni ti e 

(II) 


(12) 


( I 3) 


a = constant  rate  of  spin,  and 
*^(to)  = initial  spin  displacement. 

The  spin  angle  +o>  and  the  spin  rate  a can  be  obtained  from  the 
magnetometer  readings;  however,  the  constants  c.  are  unknowns  since  the 
system  state  at  time  t Is  unknown. 

In  order  to  predict  the  oscillatory  behavior  of  u>^,  equation  13  was 
modi  fled  as  fol lows: 

<t>^(t)  = | (m^  - sin  \)  dt  + <f> ( tQ ) , where  (14) 

+o 

t^(to)  = Initial  spin  displacement  obtained  from  the 
magnetometer . 
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Tho  above  is  obtained  by  solving  the  third  expression  of  equation  (8) 
for  ijj,  neglecting  second  order  terms  and  then  integrating  with  respect 
to  time.  Equation  (14),  in  conjunction  with  equations  (II)  and  (12) 
enable  one  to  compute  the  instantaneous  state  of  the  system  platform  once 
the  constants  c.  are  known.  A method  for  determi ng  these  constants  is 
discussed  in  the  next  section. 

I.  I’\R  \MKTKK  E STIMATION  METHOD 


The  main  object  of  the  parameter  estimation  method  is  to  determine 

the  initial  system  state  (0,(t  ),  i|i.,(t  ),  6,(t  ) and  ij),(t  ))  or  equivalently, 

' 3 o 3 o ’ 3 o 3 o M 1 

f\j 

the  constants  C|...C|2  Eqs.  (II)  and  (12)  such  that  the  rates  u>j  obtained 

from  the  rate  gyros  fit  (over  some  time  interval  0 <_  t <_  T)  in  an  optimal 

sense,  those  rates  os'  predicted  from  Eq.  (8).  With  this  initial  state 
i 

determined,  the  Instantaneous  system  state  can  be  obtained  directly  from 
Eqs.  II,  12  & 14.  Hence,  the  problem  is  basically  one  of  parameter  determina- 
tion in  which  the  Initial  state  parameters  8,(t  ),  c|),(t  ),  6,(t  ) and  c|i,(t  ) or 

r 3 o 3 o 3 o 3 o 

the  constants  C|...C|2  are  the  unknowns.  For  the  purpose  of  this  work, 
the  platform  rates  were  fit  in  a least  squares  sense;  i.e.,  a performance 
function  ($)  was  formed  and  the  initial  state  determined  such  that  this 
function  was  minimized.  The  process  is  repeated  (i.e.,  c.  is  updated) 
every  T seconds. 

In  this  research,  the  function  $ was  formed  as  follows: 


N 

4>  = Z 


n,  ,2 

Z (u,  - o)' ) . , where 

j=l  1=1  ’ 1 J 


(15) 


N = number  of  data  points  taken  in  0 t <_  T, 

to'  = angular  velocity  computed  from  system  model,  and 
i 

to.  = angular  velocity  given  by  the  rate  gyros. 

The  function  $ is  clearly  dependent  on  the  initial  state  parameters  c 


which  are  obtained  from  the  condition  that  t take  on  a minimum;  i.e.,  by 
solving  the  following  optimization  problem 


(1C) 


min.  i = t(c | . .c)?) . 

Since  the  value  of  * is  obtained  numerically  ( oj ' is  qiven  as  discrete  data 

i 

points)  it  is  necessary  to  employ  some  direct  search  technique  to  solve 
the  above  opt i m i za+ion  problem.  In  general,  the  algorithm  for  any  direct 
search  techniques  is  given  as  follows: 

^ ' ' ck  + 6ck  , (k  1,2,3,...),  where  (17) 

k 

c is  the  vector  of  old  values  of  the  unknown  parameters, 



6c  is  a vector  of  increments,  and 
— k+ 1 

c is  the  vector  of  improved  values. 

I j,. 

The  vector  6c  is  found  such  that  $ (c  ) < $ (c  ).  The  value  of  k is 
incremented  until  c converges;  i.e.,  until  the  norm  of  6c  satisfies  some 
error  criteria.  Figure  7 illustrates  the  application  of  Eq.  (17)  to 
minimize  4>. 

There  are  many  direct  search  techniques  for  systematically  determining 
6c.  After  comparing  several  of  these,  the  direct  search  method  of  Hooke 
and  Jeeves  was  chosen.  A discussion  of  the  Hooke  and  Jeeves  direct  search 
algorithm  is  presented  in  reference  2.  The  above  parameter  estimation 
process  was  programmed  for  solution  on  a digital  computer.  The  program 
utilized  an  existing  subroutine  which  minimized  $ by  employing  the 
Hooke  and  Jeeves  algorithm,  reference  3. 

5.  RESULTS  AND  CONCLUSIONS 

In  order  to  verify  the  accuracy  and  precision  of  the  proposed 
parameter  estimation  method  the  process  was  employed  in  conjunction  with 
a test  problem.  The  test  problem  model  was  identical  to  the  one  employed 
in  this  study.  The  testing  process  consisted  of  the  following  steps. 

(a)  Fixed  values  were  assigned  to  the  unknown  constants  C|,  c?, ■ • • , 

C|2. 

(b)  The  orientation  (state)  of  the  platform  8^,  8y  iji^,  <J> ^ and 
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<t> j as  a function  of  time  were  then  computed  by  employing  Eqs.  II,  12  4 14. 

(c)  The  values  of  to',  u'  and  uo'  were  determined  as  a function  of 

I 2 3 

time  by  substituting  the  results  from  part  (b)  into  Eq.  (8). 

(d)  The  results  (sampled  at  various  times)  from  part  (c)  were 
employed  as  Input  to  the  parameter  estimation  process  and  this  process 
utilized  to  recover  the  unknown  constants  C|,  C2« . . . , c^- 

The  accuracy  and  precision  of  the  process  was  determined  by  comparing 
the  results  of  part  (d)  with  the  correspond! ng  assumed  values  of  part  (a). 
The  testing  procedure  was  repeated  for  various  sets  of  input  values. 

The  results  for  one  test  case  are  presented  in  Table  I.  These 
results  indicate  that  the  process  is  capable  of  recovering  the  unknown 
constants  c.  with  good  precision.  The  results  presented  in  Table  I are 
typical  of  those  obtained  for  other  test  cases.  These  results  indicate 
that  the  process  is  suitable  for  evaluating  the  attitude  of  the  LACATE 
system. 


r 


TABLE  I 

Results  from  Test  Problem 


i 

Actual  Value 

a, 

C. 

1 

Predicted  Value 
c. 

Error 

Ac. 

i 

1 

7.  1 1 1 21 8xl0-3 

7. 1 1 1 2 IOxIO-3 

-9 

8x10 

2 

-3. 1 37439x 1 0-2 

-3. 1 37438xl0~2 

-IxlO-8 

3 

4. 065249x1  O'3 

4.065242x10  3 

7x1 0-9 

4 

1 .44084lxl0~2 

1 .440839xl0'2 

2x1  O'8 

5 

1 .477089xl0~2 

1 .477087xl0-2 

2xl0"8 

6 

-1  . 303402x1 0-2 

-1 . 303400x1 0-2 

2xl0-8 

7 

-2. 365380x1 O-2 

-2. 365378x1 0-2 

-2x1 0"8 

8 

-2.2390 1 3xl0-2 

-2.2390 1 3xl0-2 

0 

9 

-9.083565xl0~3 

-9.083554xl0'3 

1 IxlO'9 

10 

-1 .345544x1 0"2 

-1 .345544x1  O'2 

0 

1 1 

2.865828xl0-3 

2. 866009x1  O'3 

- 1 8 1 x 1 O'9 

12 

2.l53396xl0"2 

2.153398xl0"2 

-2x1  O'7 

2;.  assumed  value  of  constant. 

c.  solution  value  obtained  from  parameter  estimation  process. 

The  angular  velocity  components  of  the  LACATE  system  platform  were 
predicted  over  a time  period  of  30  seconds  by  employing  the  Parameter 
Determination  Process  in  conjunction  with  the  math  model  given  by  Eqs. 

II,  12  & 14,  and  the  corresponding  data  for  the  LACATE  experiment  obtained 
from  the  rate  gyros.  The  results  are  shown  plotted  in  Figs.  8-10.  These 
figures  indicate  that  the  predicted  values  of  uj!  are  in  good  agreement 
with  the  actual  values  obtained  from  the  gyros  at  least  over  the  period  of 
30  seconds.  Values  of  w.  (not  shown  here)  obtained  over  longer  periods  of 
time  were  also  in  good  agreement  with  the  actual  values.  The  attitude 

249 


angles  ©3  and  i li^  for  the  system  platform  are  shown  plotted  in  Figs.  II  and 
12,  respectively.  In  general  the  results  obtained  in  this  study  indicafe 
that  both  the  process  and  system  math  model  are  adequate  for  predicting 
the  motion  and  attitude  of  the  system  platform. 
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Abstract 

The  attitude  control  system  is  intended  to  stabilize  a l.J  ton 
gondola  in  inertial  space  to  better  than  JO  arc  seconds.  It  is  sus- 
pended in  its  center  of  gravity,  thus  linear  accelerations  of  the  sus- 
pension produce  no  perturbations.  The  inertial  torquers  need  no  sup- 
port on  a potentially  unstable  suspension  and  thus  allow  for  optimum 
performance  of  the  servo  loops.  Coarse  sensors  define  a time  depen- 
dant initial  reference  for  the  inertial  sensors.  A three  gyro  plat- 
form in  the  space  locked  mode  references  the  transfer  between  differ- 
ent directions  in  space,  giving  full  manoeverabi lity  by  the  choice  of 
three  setting  angles.  Angular  velocity  signals  supply  the  damping  for 
the  servo  loops. 

The  fine  positioning  is  referenced  by  two  digital  star  trackers 
which  are  gimballea  for  off  set  oointing.  Resolution  is  6 arc  seconds. 
The  integrated  angular  velocity  signal  interpolates  the  position 
during  the  exoosure  time  of  the  star  trackers.  The  error  signals  of 
the  three  axes  trimming  system  arc  the  total  angular  momenta  about  the 
throe  body  axes  as  measured  by  rate  gyros  and  sensors  on  the  reaction 
wheels.  The  system  automatically  discharges  the  reaction  wheels, 
keeps  the  center  of  gravity  in  the  center  of  the  suspension  sphere, 
and  prevents  any  gyro  couplings  during  gondola  manoevers. 

A model  mission  profile  is  given  together  with  the  performance 
of  an  engineering  model  containing  all  relevant  components. 


j£S»S  t:  meal  m i*p  «h| 


I.  iYl'KOIH  (1TION 


The  usefullness  of  balloon  observations  for  astrophysical  re- 
search has  been  prooved  many  times.  The  new  avenues  opened  by  the  ex- 
tention  of  the  wavelength  range  both  in  the  ultraviolet  and  in  the 
infrared  lead  to  new  photometric  and  later  to  spectroscopic  informa- 
tion without  using  rocket  launchings  or  orbiting  spacecraft.  (Swift, 
1974). 

The  lines  of  our  interest  are  to  look  deeper  into  the  dust- 
covered  structure  of  our  galaxy,  to  look  into  dense  interstellar  gas 
and  dust  clouds,  to  observe  the  cooler  objects,  emitting  only  in  the 
infrared  part  of  the  spectrum. 

In  infrared  broad  band  photometry  the  area  scanning  mode  of  ob- 
servation produces  flux  density  charts  equivalent  to  the  photographic 
observations  in  the  visible  spectrum.  The  radiation  flux  is  high 
enough  to  allow  for  short  integration  times  per  resolution  element, 
and  there  is  no  stringent  requirement  for  stabilizing  the  telescope 
on  a particular  point  in  the  sky.  For  high  resolution  spectroscopy 
the  flux  received  at  the  detector  in  a small  spectral  element  requires 
integration  times  of  the  order  of  one  hour  per  object  for  reasonable 
telescope  sizes,  (Naumann,  Michel,  1975)*  The  use  of  Fourier  spec- 
troscopy implies  a direct  dependance  of  the  spectral  information  from 
the  attitude  stability,  which  should  be  of  the  order  of  the  diffrac- 
tion limit  of  the  optical  part  (about  one  minute  of  arc).  In  most 
cases  the  guiding  stars  differ  from  the  observational  object  and  some 
sort  of  of f-set-guidance  is  needed.  Considering  these  requirements 
the  design  of  the  attitude  control  system  of  a balloon  borne  teles- 
cope for  infrared  spectroscopy  deserves  careful  overthinking  of  basic 
principles . 

Restricting  to  the  dynamical  requirements  for  an  accurate  point- 
ing system  for  a telescope  we  have  to  consider  a few  elementary  mecha- 
nical conditions  in  order  to  define  an  ideal  observational  platform. 

We  then  show  how  these  could  be  met  in  the  environment  of  a high  alti- 
tude balloon  flight,  (Haser,  1974,  1975). 
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2.  DYNAMICS  OK  A STABILIZED  ASTRONOMICAL  TELESCOPE 


2.1  Basic  Principles 


(1)  The  translational  degrees  of  freedom  are  of  no  importance 
for  astronomical  observations,  they  are  separated  from  the  angular 
degrees  of  freedom  at  the  level  of  the  equations  of  motion. 

(2)  Concerning  the  angular  degrees  of  freedom  the  stars  are  at 
rest  in  an  inertial  frame  of  reference  and  so  should  be  the  observ- 
ing instrument. 

(3)  An  isolated  system  remains  at  rest  indefinitely  if  once 
put  into  that  condition. 

2.2  Adverse  Environment 

This  is  opposed  to  the  evident  translational  acceleration  of  a 
balloon  gondola,  the  evident  rotation  of  the  balloon  suspension  and 
^ the  evident  frictional  and  gravitational  torques  acting  on  the  sta- 

bilized part  of  the  gondola.  Moreover,  internal  rotations  and  dis- 
J placements  produce  further  perturbations  to  the  condition  of  rest  in 

inertial  space. 

2.3  Countermeasures 


The  ideal  observing  platform  should  be  insensitive  in  its  an- 
gular coordinates  to  linear  accelarations . The  simplest  way  to 
achieve  that  is  to  suspend  the  system  in  its  center  of  gravity.  Care 
should  be  taken  that  the  center  of  gravity  remains  at  the  point  of 
suspension  and  the  gondola  should  be  free  to  rotate  around  that  point 
in  any  direction.  Attitude  sensors  and  torquers  should  be  able  to 
work  in  inertial  space  without  reference  to  the  suspension  (e.g.  star 
trackers,  gyros,  reaction  wheels).  The  isolation  of  the  inertially 
stabilized  part  against  any  external  influence  should  be  as  good  as 
possible . 

! 
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2.-1  Hu-  Kx|iiations  of  Motion 

For  a three  axes  attitude  control  three  reaction  wheels  are 
needed,  and  we  no  more  have  a single  rigid  body  with  its  well  known 
dynamical  behaviour.  The  existence  of  the  reaction  wheels  and  their 
momentum  exchange  with  the  main  body  has  to  be  introduced  into  the 
Eulerian  equations  for  a correct  dynamical  description  of  the  system, 
(Magnus,  1971,  p.l68).  If  the  axis  of  the  reaction  wheels  are 
parallel  to  the  principal  axis  of  inertia  of  the  main  body  the 
Eulerian  equations  write: 

A U)j  - (B-C)  ujg  = -A*  to*  + lOj  S*  U)2  “ <i>2 

B ii>2  - (C-A  ) to ^ ou ^ = — to  ^ A to*  - B*  il>  * + uij  C*  w*  ( 1 ) 

C ii-j  - (A-B)u)^W2  = + w2  - Wj  & w * ~ ^ * uj  ^ 


A,B,C  are  moments  of  inertia 
Wl  are  angular  velocities 

Quantities  marked  with  a star  (*■)  relate  to  reaction  wheels. 

The  system  has  six  independant  angular  variables.  We  need  three 
supplementary  equations,  which  we  chose  in  such  a way  that  they  un- 
couple the  equations  of  motion  and  eliminate  their  non-linearity. 

The  supplementary  equations  read: 


B*to*  - 

to2 

C*u"  + 
5 

(B-C) 

to2 

to^ 

= 0 

wi 

c"a>3*-  - 

to3 

A"to*  + 

(C-A) 

to^ 

W1 

= 0 

(2) 

W2 

A*  to  * - 

W1 

B'to*  + 

(A-B) 

“l 

to2 

= 0 
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We  are  left  with  the  equations  of  motion: 


They  can  be  integrated  to  reveal : 


A co^  + it  co  * = Kj 

B tu2  + B’  u)2*  = K2  (4) 

C + C*  a * = 

The  system  of  equations  (l)  and  (4)  is  compatible  only  if  the  con- 
stants of  integration  are  zero,  and  then  they  are  compatible  for 
any  choyce  of  the  different  moments  of  inertia.  This  can  be  shown  by 
the  introduction  of  the  co^  obtained  from  (2)  into  the  equations  (4). 
The  condition  of  uncoupled  linear  equations  of  motion  leads  to  zero 
total  angular  momentum,  thus  absence  of  gyroscopic  effects  and  the 
resulting  simplification  of  the  attitude  control  servos.  The  system 
may  rotate  at  any  rate,  provided  the  reaction  wheels  have  the  proper 
counter  - rotation  given  by: 


II 

iH 

3 

< 

-A' 

10* 

\ 

B u>2  = 

-B* 

CO* 

(5) 

Cl >2  = 

-C* 

CO* 

* 
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V DK.SION  OK  nil.  ATT  IT  l 1)1  CONTROL  SYSTKM 

A description  of  the  complete  payload  has  been  given  by 
J.  Stocker  (1976)  xn  the  preceding  paper  of  this  Symposium,  and  a 
block  diagram  is  shown  in  Figure  1.  The  system  is  designed  in  such  a 
way,  that  the  basic  requirements  developed  in  the  preceding  chapter 
are  preserved  during  an  actuel  mission.  It  is  essentially  composed  of 
two  functional  blocks:  the  position  servo  loop  and  the  trimming 
system,  which  will  be  discussed  in  some  detail. 


3.1  rile  Position  Servo  Loop 

There  is  one  loop  in  each  of  three  axis,  each  containing  posi- 
tional sensors  (one  axis  of  a three  axis  gyro  platform,  or  one  axis 
of  a star  tracker),  one  rate  gyro,  one  reaction  wheel  and  the  elctro- 
nics  to  form  a puls  length  modulated  proportional  - differential 
servo.  This  is  quite  conventional,  and  there  is  no  coupling  between 
different  axis.  The  magnetometer  and  the  clinometers  are  only  re- 
quired to  give  an  initial  coarse  reference  to  the  system.  Since  the 
star  trackers  have  a finite  exposure  time,  its  signals  are  used  to 
update  the  integrated  rate  gyro  signals,  which  do  the  interpolation 
in  time.  The  position  loop  locks  the  system  to  an  inertial  reference, 
thus  fulfilling  one  of  the  basic  requirements.  The  position  loop 
dumps  the  effects  of  all  external  influences  into  the  angular  momen- 
tum of  the  reaction  wheels  and  no  support  is  taken  or  reaction  pro- 
duced outside  the  stabilized  part  of  the  system.  The  only  require- 
ment to  the  outside  world  is  the  management  of  the  angular  momentum 
of  the  reaction  wheels. 


3.2  111,'  Trimming  Loop 

Reduced  to  its  simplest  form,  the  task  of  the  trimming  system 
is  to  reduce  the  total  angular  momentum  of  the  gondola  to  zero  at  any 
time.  This  is  to  fulfill  one  of  the  basic  requirements.  As  seen  from 
equations  (5)  this  requirement  means  zero  angular  velocity  of  the 
reaction  wheels  for  an  inertially  stabilized  gondola,  so  that  the 
system  will  take  care  of  the  desatucatj on  of  the  reaction  wheels 
automatically . 
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The  sensors  in  the  trimming  loop  are  the  rate  gyros  on  the  main 
body  and  angular  velocity  sensors  on  the  reaction  wheels.  The  actua- 
tors are  motor  driven  masses  in  the  three  axis,  also  equipped  with 
angular  velocity  sensors.  The  gravitational  torques  oroduced  by  the 
sliding  masses  produce  a directional  bias  on  the  position  loop  which 
by  reaction  slows  down  the  reaction  wheels.  The  sliding  masses  and 
the  reaction  wheels  come  to  a u >p  at  the  same  time. 

By  this  operation  the  center  of  gravity  of  the  inertially  sta- 
bilized part  is  put  at  the  vertical  of  the  suspension  point.  At  any 
other  point  it  would  create  a gravitational  torque  and  at  least  one 
of  the  reaction  wheels  would  accelerate  to  compensate  it.  In  conse- 
quence the  system  will  take  care  of  the  position  of  the  center  of 
gravity  automatically. 

The  momentum  exchange  around  the  vertical  axis  is  done  by  a 
torquer  motor  acting  between  the  stabilized  part  and  the  support 
ring.  The  latter  is  servoed  in  a fixed  position  relative  to  the  iner- 
tial system  by  action  of  the  azimut  motor. 

By  this  procedure  momentum  may  be  dumped  into  the  balloon,  but 
a rotation  of  the  suspension  has  no  effect  on  the  gondola.  The 
trimming  system  will  isolate  the  gondola  almost  completely  from  ex- 
ternal influences. 

As  may  be  realized,  all  the  basic  requirements  imposed  by  the 
equations  of  motion  can  be  fulfilled  by  this  system. 

4.  A MODEL  MISSION  PROFILE 

The  telecommand  system  organizes  the  in-flight  operations  in 
four  logical  steps. 

The  first  step  is  to  put  the  system  into  a horizontal  position 
as  defined  by  the  clinometers,  the  magnetometer  defines  the  azimut 
relative  to  the  earth  magnetic  field.  The  trimming  loop  balances  the 
gondola  by  horizontal  mass  displacements  and,  if  necessary,  momentum 
around  the  vertical  axis  is  dumped  into  the  balloon.  The  center  of 
gravity  is  now  below  the  suspension  point.  If  the  system  is  given  an 
elevation,  the  gravitational  torque  accelerates  the  reaction  wheel 
in  the  elevation  axis,  and  its  angular  velocity  sensor  causes  a 
sliding  mass  to  move  the  center  of  gravity  into  the  suspension  point. 
At  the  horizontal  position  and  at  a predetermined  time  the  system  is 
swlched  to  the  Inertial  reference  of  the  gyro  platform. 
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The  second  step  Is  to  point  the  system  on  a reference  star  by 
the  introduction  of  off-set-voltages  into  the  three  position  loops. 
Upon  acquisition  of  the  reference  star  in  the  gimballed  star  tracker 
parallel  to  the  main  telescope  .the  system  is  swlched  to  that  signal  , 
and  a roll  movement  of  the  perpendicular  star  sensor  acquires  a guide 
star,  thus  locking  the  system  on  two  stars.  Possible  distortions 
during  launch  and  temperature  changes  are  corrected  at  that  stage  by 
adjustment  of  the  star  tracker  axis  to  the  telescope  axis.  The  gyro 
platform  is  caged  to  that  position  and  becomes  a reference  which  ab- 
solute positional  accuracy  of  a few  minutes  of  arc  available  for 
subsequent  reorientation  manoevers. 

The  third  step  is  to  point  the  telescope  to  an  infrared  source 
while  the  two  gimballed  star  trackers  acquire  two  off-set  guide  stars. 
This  is  done  by  off-setting  the  position  loop  under  control  of  the 
gyro  platform  and  by  rotation  of  the  two  star  trackers  into  precal-r 
culated  positions.  Once  they  have  acquired  their  respective  guide 
stars  they  resume  control  of  the  position  loop.  The  same  procedure 
is  used  for  the  subsequent  acquisition  of  other  sources. 

The  fourth  step  is  to  bring  the  system  into  the  landing  confi- 
guration which  is  horizontal  and  similar  to  the  situation  obtained 
by  the  first  step.  During  the  whole  operation  the  trimming  loop  takes 
care  of  an  eventual  accumulation  of  total  angular  momentum. 


5.  PER  FORM  \NCE  OF  AN  ENGINEERING  MODEL 

Based  on  the  preceding  principles  an  engineering  model  has  beet; 
built  and  testet  at  the  ground.  It  contained  all  sensors,  actuators 
and  the  complete  trimming  system.  The  movements  of  the  gondola 
during  acquisition  was  recorded. 

Figure  2 shows  an  acquisition  referenced  by  magnetometer  and 
clinometer.  The  limit  cycle  operation  is  clearely  seen. 

Figure  5 shows  an  acquisition  referenced  by  the  gyro  platform. 
The  limit  cycle  is  Invisible  at  the  scale  used. 

Figure  4 shows  the  result  of  a stability  test  under  platform 
control.  The  lateral  drift  is  caused  by  the  rotation  of  the  earth, 
the  vertical  deviations  reflect  the  limit  cycle  operation. 

Under  control  of  the  star  tracker  the  gondola  moved  plus  or 
minus  one  resolution  element  of  the  sensor,  which  means  six  seconds 
of  arc.  The  overall  absolute  positioning  accuracy  of  the  system  in 
flight  is  expected  to  be  bettor  than  30  seconds  of  arc. 
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Figure  2. 


Acquisition  Referenced  by  Magnetometer  and 
Clinometer 
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19.  A Three  Axes  Stabilized  Balloon-Borne  1M  Telescope 
for  High  Resolution  Infrared  Spectroscopy 

J.E.  Stoecker 

Max  Planck  Institut  fur  ext  rat  errestri  sche  Physik 
Garching,  W-Germany 


Abstract 


For  high  resolution  spectroscopy  in  the  far  infrared  a balloon  borne 
telescope  with  aim  lightweighted  mirror  is  under  development.  The 
spectral  element  is  a lamellar  grating  with  5 mm  grating  constant  and 
the  detector  a thermal  bolometer  with  a NEP  of  10  W/Hz.  The  tele- 
scope will  be  stabilized  in  three  axes  with  better  than  30  arc  sec. 

It  rests  on  a hydrostatic  ball  bearing  counterbalanced  by  the  control-, 
telemetry-  and  power  supply  unit.  The  ball  bearing  is  supported  by  a 
ring  frame  bound  to  the  balloon  via  an  azimuth  motor.  The  clearance  of 
this  ring  allows  90  deg.  in  elevation  and  + 15  deg.  in  crosselevation, 
thus  the  telescope  can  be  stabilized  nearly  two  hours  on  one  object. 
Pointing  and  stabilization  is  done  by  reaction  wheels  in  three  axes. 

A trimming  system  of  shiftable  masses  keeps  the  total  angular  momentum 
to  zero.  A magnetometer  and  inclinometers  are  the  sensors  for  coarse 
guiding,  two  star  trackers  with  offset  capability  for  fine  guiding, 
while  a gyro  platform  is  used  as  a transfer  sensor.  The  telescope  and 
the  control  unit  are  separately  protected  by  a framework  of  aluminum 
tubes  with  honeycomb  crash  pads.  An  engineering  model  of  the  gondola 
is  presently  tested  to  qualify  the  components. 
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I.  INTHODl  CTIO.N 


For  high  resolution  spectroscopy  on  celestial  objects,  radiating 
in  the  far  infrared  between  20  and  200  p,  a balloon  borne  1 m-tele- 
scope  is  currently  being  developed  at  the  Max-Planck-Institut  fur 
extraterrestrische  Physik  (MPE)  in  Garching,  W. -Germany. 

The  objective  is  to  find  and  track  non  visible  sources  with  a 
pointing  accuracy  of  better  than  30  arc  seconds  for  more  than  one  hour 
per  object. 

The  angular  range  of  the  system  should  cover  the  whole  hemi- 
sphere . 
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2.  Till  TK.I.KSCOPK 


The  faint  intensity  of  infrared  sources  and  the  unsufficient 
sensitivity  of  present  detectors  would  require  very  large  telescopes. 
On  the  other  hand,  balloon  borne  systems  have  to  be  limited  in  weight 
and  so  a weight  optimum  solution  was  aimed  at. 

The  MPE-telescope  is  a 1 m DALL-Kirkham  system,  with  a secondary 
mirror  figured  to  an  f/13  beam  shown  on  fig.  1. 


The  1 m main  mirror,  fabricated  by  Owens-Illinois,  is  made  from 
CERVIT,  a glass  ceramics  with  an  extremely  low  thermal  expansion  co- 
efficient. It  is  light  weighted  to  95  kg,  but  its  stability  corre- 
sponds to  that  of  a 3 times  heavier  solid  mirror. 

The  optical  treatment  of  the  mirror  system  was  done  by  Carl  Zeiss  - 
Oberkochen.  Fig.  2 shows  the  mirror  while  being  tested. 


The  secondary  mirror,  also  made  from  CERVIT,  can  be  oscillated 
to  allow  the  detector  at  the  focal  plane  to  alternately  view  the  IR- 
source  and  the  bock  ground.  This  is  to  cancel  the  background  from  the 
sky  and  telescope.  The  oscillation  is  square  wave,  the  amplitude  is 
6 arc  min  and  the  frequency  around  10  Hz. 

The  excitation  mechanism  works  in  two  perpendicular  axes.  By  mo- 
dulating the  amplitude  of  both  axes,  it  is  possible  to  turn  the 
wobbling  axis. 
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Figure  3.  The  two  axes  wobbling  mirror 


The  spectral  element  is  a lamellar  grating  with  a grating  con- 
stant of  5 mm.  20  movable  lamellars  are  shifted  against  20  fixed  ones 
in  steps  of  5 u with  a frequency  of  10  Hz  via  a maximum  distance  of 
10  cm.  The  alignment  of  the  guide  has  to  be  better  than  1 arc  sec. 


Figure  4.  Lamellar  grating  and  guide 


The  optical  path  is  lead  via  two  off-axis  parabolic  mirrors, 
made  from  CERVIT,  to  a gallium-doped  germanium  bolometer.  The  latter 
is  housed  in  a liquid  helium  cryostat,  designed  to  maintain  2°K  for 
as  much  as  20  hours.  As  fig.  1 shows  likewise,  the  lamellar  grating 
and  the  off-axis  mirrors  are  housed  in  a thermally  insulated  box, 
which  is  cooled  down  to  liquid  nitrogen  temperature  to  keep  the  ther- 
mal radiation  of  the  reflecting  surfaces  low. 

3.  PHI  POINTING  S Y STEM 


3. 1 Choice  of  the  Method 

The  investigation  of  extended  IR-sources  prohibits  image  rota- 
tion. For  this  reason  a two  axes  azimut-elevation  system  was  elimina- 
ted for  the  MPE  pointing  system.  The  telescope  has  to  be  space  stabi- 
lized in  3 axes. 

But  there  are  technical  reasons  in  addition,  which  favour  the 
3 axes  stabilisation: 

(1)  A two  axes  system  has  no  free  axis  to  compensate  balloon 
cycling  about  the  cross  elevation  axis  and  this  limits  the 
pointing  accuracy. 

(2)  To  point  a telescope  towards  a non  visible  IR-source,  vi- 
sible stars  have  to  be  used  as  a reference.  Normally  these 
stars  are  off-axis  to  the  source  and  the  off-axis  angles 
have  to  be  corrected  for  a two  axes  system  continuously. 

(3)  Finally  a three  axes  system  is  the  most  economic  way  to 
point  a telescope  towards  astronomical  objects,  because  it 
rests  in  space  coordinates  while  being  stabilized. 


There  are  two  possibilities  for  a 3 axes  stabilisation  system: 

(1)  The  balloon  and  the  gondola  suspension  are  used  for  refe- 
rence and  there  is  a continuous  momentum  exchange  for  stabi- 
lisation. 

(2)  The  telescope  is  largely  decoupled  from  the  balloon  and  its 
disburbing  moments.  Momentum  exchange  is  done  within  the  sys- 
tem between  statically  balanced  systems  like  reaction  wheels. 

The  disadvantage  of  case  (1)  is  evident.  The  gondola  suspension 
is  like  an  elastic  spring,  so  momentum  transferred  to  the  balloon  is 
fed  back  to  the  system  by  bearing  friction  and  excites  oscillation. 


! 


» 


t 

f 


i 


v 


Case  (2)  requries  consequently  the  reduction  of  the  number  of 
bearings  to  a minimum.  So  a 4 axes  Cardanic  suspension,  as  often  pro- 
posed, is  a nonefficient  solution. 

1.2  Suspension  and  Control  Elements 

A bearing,  which  allows  motions  around  each  arbitrary  axis  and 
has  moreover  a minimum  of  movable  parts  and  contact  areas  is  a hydro- 
static ball  bearing,  as  it  is  used  in  the  MPE  system.  The  friction  is 
extremely  low  and  the  energy  consumption  to  run  the  bearing  is  also 
very  small  compared  with  others. 

Orienting  and  stabilization  of  the  telescope  is  done  by  starting 
reaction  wheels,  each  of  which  is  assigned  to  one  of  the  3 main  axes 
of  the  telescope.  So  momentum  is  not  transferred  to  outside  and  the 
total  momentum  vector  is  kept  to  zero,  unless  disturbing  moments  from 
the  balloon,  brought  in  by  the  bearing  friction,  or  created  by  mass 
losses,  leed  to  an  accumulation  of  momentum  in  the  reaction  wheels. 

This  has  to  be  prevented  for  two  reasons: 

A saturation  of  the  wheel  spin  rate  would  make  the  pointing 
system  uneffective  and,  on  the  other  hand,  the  gyro-forces  would 
disturb  the  control  system. 

For  this  reason  a continuously  working,  automatic  trimming 
system  is  installed,  consisting  of  movable  masses  for  the  elevation 
axes  and  of  an  azimut  motor  for  the  azimut  axis. 

The  control  signal  for  this  system  is  the  size  of  the  total  momentum 
vector,  which  has  to  be  kept  close  to  zero. 


3.3  Sensors 

A series  of  sensors  is  necessary  to  transfer  the  telescope  from 
an  earth  based  reference  to  celestial  objects. 

Corresponding  to  the  sequence  of  their  mission,  the  following 
sensors  are  used  in  the  MPE-system: 

A course  stabilisation,  better  than  0.5  deg.  is  done,  using  a 
magnetometer  and  two  inclinometers  for  attitude  reference  and  rate 
gyros  for  angular  velocity  measurement. 

A 3-axes  gyro  plattform  is  used  as  a reference  to  orient  and  re- 
set the  telescope.  Its  accuracy  of  + 2 arc  min.  is  sufficient  to  align 
the  telescope  such  as  to  pick  up  the  guide  stars  with  the  star  sensors. 
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which  are  used  for  fine  guiding. 

The  field  of  view  of  these  star  sensors  is  1 deg. 

They  are  gimbal  suspended  with  an  off-axis  angular  range  of  + 15  deg. 
in  two  axes. 

Two  of  them,  looking  substantially  parallel  and  perpendicular  to  the 
telescopes  main  axis,  have  an  angular  resolution  of  40  arc  sec.  while 
a third  one,  also  parallel  looking,  is  more  accurate  with  6 arc  sec. 
Off-axis  positioning  is  done  by  stepper  motors  with  a positioning 
accuracy  of  3 arc  sec. 

A further  star  sensor,  which  can  be  turned  into  the  beam  of  the 
telescope,  is  used  for  inflight  calibration  of  the  star  sensor  posi- 
tioning system. 

3.4  Pa\loud  ('.on figuration 


As  shown  in  fig.  5,  the  telescope  and  the  instrumentation  unit 
are  connected  by  a yoke  and  form  the  inertial  system  of  the  payload. 
In  its  center  of  gravity  it  rests  in  a hydrostatic  ball  bearing,  which 
is  mounted  on  a support  ring.  The  ball  bearing  and  the  dimensions  of 
the  ring  permit  the  inertial  system  to  be  moved  from  0 deg.  to  63  deg. 
in  elevation  and  + 15  deg.  in  cross  elevation. 

The  ring  is  suspended  on  the  balloon  via  a motor  driven  azimut  bearing 

The  instrumentation  unit  contains  all  those  components,  which 
are  necessary  to  run  the  spectrometer,  but  which  are  not  indispensably 
integrated  into  the  telescope  housing,  like  power  supply,  experiment 
electronics,  telemetry  and  telecommand  and  at  least  the  pointing  con- 
trol unit  with  the  reaction  wheels,  the  trim  masses  and  the  sensors. 

Only  the  star  sensors  are  connected  directly  to  the  telescopes 
main  frame  to  prevent  any  bias  caused  by  elastic  deformation. 

During  take  off  and  landing,  motor  driven  levers  keep  the 
inertial  system  in  a horizontal  position  and  hold  it  fixed  to  the 
support  ring. 

In  the  pointing  phase,  the  support  ring  is  kept  in  an  almost 
perpendicular  position  to  the  yoke.  Lightswitches  turn  on  the  azimut 
motor,  when  the  ring  deviates  too  much. 

Only  for  discharging  of  the  azimut  reaction  wheel  a contact  is  made 
between  ring  and  yoke,  using  a torque  motor  for  the  momentum  exchange. 


Telescope  and  instrumentation  unit  are  separately  protected  by 
a framework  of  aluminium  tubes,  furnished  on  the  bottom  side  with  alU' 
minium  honeycomb  crash  pads. 

As  the  framework  is  part  of  the  inertial  system,  it  has  to  be  con- 
trolled and  so  far  it  stands  to  reason  that  there  was  spent  a large 
effort  in  optimizing  its  weight  and  size. 


The  large  basal  plane  of  the  payload  and  its  comparably  small 
height  should  provide  good  landing  characteristics  i.e.  should  prevent 
it  from  turning  over. 


An  engineering  model  of  the  gondola,  which  was  in  a lot  of  de- 
tails different  to  the  final  concept,  with  no  telescope  onboard,  but 
equipped  with  all  components  to  show  the  functioning  of  the  pointing 
system,  was  successfully  tested  at  the  end  of  1975. 


Figure  6.  Engineering  model  of  the  MPE  pointing  system. 

Details  and  measured  datas  of  the  pointing  system  will  be  re- 
ported in  the  paper:  "Dynamics  and  Attitude  Control  of  the  1 m IR- te- 
lescope Balloon  Gondola,"  by  L.N.  Haser. 
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20.  Gas  Sampling  and  Aerosol  Experiments 
on  a Wind  - Pointing  Gondola 


Stanley  G.  Scott 
Ames  Research  Center,  NASA 
Moffett  Field,  California  94035 

Abstract 


A trace  gas  sampling  experiment,  currently  flown  on  high-altitude 
aircraft,  and  an  aerosol  collection  experiment  were  incorporated  in  a 
balloon-borne  experiment.  The  gas  experiment  incorporated  a cryogenic  air 
sampler  to  freeze  out  fluorocarbons  and  other  species  from  large  air  samples 
at  altitudes  of  36  and  29  km.  Electronic,  electrical,  and  mechanical  sys- 
tems on  the  gondola  and  the  experiments  are  described. 

To  eliminate  contamination  from  the  balloon  the  gondola  was  lowered 
350  m below  the  balloon.  Then,  it  was  pointed  into  the  differential  wind  by 
means  of  a large  wind  vane  in  order  to  prevent  contamination  from  the  gondola 
reaching  the  inlet  tubes  which  pointed  upstream.  Special  anemometers  meas- 
ured the  wind  speed  and  magnetometers  measured  the  response  of  the  gondola 
to  the  generally  gusty  shear  wind.  Pointing  was  evident  throughout  most  of 
the  6-hour  flight. 

Design  and  deployment  of  the  sail,  anemometer  measurements,  and  overall 
performance  are  described.  Engineering  changes  to  improve  pointing 
performance  and  wind  measurements  are  discussed. 
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I INTRODUCTION 

Considerable  scientific  research  is  being  conducted  in  the  stratosphere 
using  air  sampling  techniques  to  determine  atmosphere  gas  constituents.  Of 
particular  concern  has  been  the  simultaneous  measurements  of  important  trace 
constituents  that  would  help  in  understanding  the  complex  chemistry  there. 

A routine  sampling  program  has  been  undertaken  with  high-flying  U-2  aircraft 
from  Ames  Research  Center  using  an  Ames  cryosampler  designed  to  collect 
fluorocarbons  Freon  11  and  12,  N2O,  and  other  condensible  trace  gases.  Data 
have  been  accumulated  in  the  aLtitude  regions  between  about  15  and  21  km  at 
various  global  locations.  Aerosol  collections  are  also  being  made  from  the 
aircraft  with  Ames  instrumentation  with  emphasis  on  determining  the  physical 
state  of  the  particles,  variation  in  the  particle  size,  and  composition. 

The  present  balloon  mission  was  performed  to  extend  the  above  measurements 
to  higher  altitudes. 

The  principal  purpose  of  the  paper  is  to  describe  the  design  and 
performance  of  the  gondola  support  systems  with  emphasis  on  the  design  and 
performance  of  a wind  vane  sail  designed  to  cock  the  gondola  into  the  shear 
or  differential  wind  that  occurs  on  the  gondola  when  it  is  lowered  350  m 
below  the  balloon.  Design  of  the  balloon  experiment  started  in  June  1975 
and  shipment  to  the  NCAR  Scientific  Balloon  Base  took  place  in  October  1975. 
Because  of  weather  and  engineering  delays,  the  flight  was  delayed  until 
January  17,  1976.  Virtually  all  aspects  of  the  flight  and  experiments 
operations  were  successful. 

2.  CONTAMINATION  CONTROL 

Fluorocarbon  species  are  present  in  the  stratosphere  in  very  low 
concentrations  (down  to  1 ppt)  and  special  means  were  taken  to  ensure  that 
contamination  from  the  balloon  and  the  gondola  would  not,  be  sampled  by  the 
experiment  apparatus.  Other  experimenters  (Fidle y et  al. , 1975;  Loeb  et  al. , 
1975)  have  demonstrated  that  by  sampling  and  exhausting  ambient  air  from 
long  probes  beneath  the  gondola,  clean  air  could  be  obtained  for  their  exper- 
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iment.  In  our  experiment  the  deployment  and  contamination  control  of  a very 
long  inlet  tube  (b-10  m)  with  a large  diameter  presented  difficult  technical 
problems.  Also  a short  horizontal  inlet  tube  was  required  for  the  aerosol 
experiment.  Considering  this  and  the  extremely  small  gas  concentrations 
to  be  measured,  it  was  decided  to  take  other  and  more  extreme  precautions 
to  assure  clean  air  sampling.  First,  the  gondola  was  lowered  150  m below 
the  balloon  to  separate  it  from  that  contaminating  body  and  also  to  provide 
a shear  wind  across  the  gondola  that  was  expected  to  be  present  because  of 
the  difference  in  altitude.  Second,  a large  wind  vane  was  attached  to  the 
gondola  to  weathercock  the  gondola  into  the  shear  wind.  Inlet  pipes 
extending  "upstream"  would  then  be  assured  of  sampling  pure  ambient  air. 

Whiten,*  using  the  equation 


N(r) 


= Nn 


-V/D(r-rQ) 


(1) 


where 

N(r)  = number  of  contaminating  gas  molecules  at  a horizontal  distance  (r) 
upwind  from  the  gondola  surface 
V = wind  speed  (cm/sec)  - 1/5  knot  (10  cm/sec) 

D = diffusion  coefficient  (5  cm2/sec) 

rQ  = horizontal  distance  to  edge  of  gondola  (100  cm  from  gondola  center) 

r = horizontal  distance  to  intake  probe  orifice  (200  cm  from  gondola 

center) 

N0  = number  of  contaminating  gas  molecules  diffusing  from  the  gondola  at 
any  point  on  its  surface 

calculates  that  essentially  no  contaminating  gas  molecules  can  diffuse  upwind 
against  a fractional  m/s  wind  to  reach  a probe  orifice  1 m away  from  the 
gondola  surface. 

Control  of  gondola  attitude  with  a wind  vane  has  been  demonstrated 
before  ( Brownlee , 1971).  With  a large  deployed  vane,  wind-cocking  the 

*Private  communication. 
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gondola  should  occur  at  low  shear  wind  velocities.  Two  measurements  are 
essential  to  determine  wind-pointing  performance  and  hence  the  establishment 
of  pure  lir  ingestion.  Yaw  angle  of  the  gondola  with  respect  to  the  wind 
direction  and  the  intensity  of  the  shear  wind  must  be  known.  Yawing  perform- 
ance along  with  the  wind  forces  acting  on  the  vane  would  give  a clear 
indication  of  the  effect  of  the  wind  vane. 

Effluents  from  the  balloon  would  be  a source  of  contamination  for  the 
aerosol  experiment  if  samples  were  taken  in  its  vicinity.  Because  aerosol 
sampling  was  to  be  undertaken  during  balloon  ascent,  particles  falling  from 
the  balloon  might  contaminate  the  experiment.  With  the  gondola  approximately 
350  m below  the  balloon,  calculations  show  that  falling  particles  will  be  at 
considerable  horizontal  distance  from  the  gondola  at  the  intersecting  altitude 
even  in  only  a 0.5  m/sec  wind.  Table  I summarizes  the  calculations  for  two 
particle  sizes  and  also  shows  fall  rate  time  in  a float  condition  with  no 
shear  wind. 

3.  DESCRIPTION  OF  EXPERIMENTS 
3.1  Fluorocarbon  Experiment 

The  main  experiment  on  this  balloon  flight  was  the  liquid  nitrogen- 
cooled  cryosampler  apparatus.  Ambient  air  is  pumped  through  the  experiment 
by  means  of  a very  large  molecular  sorption  pump  capable  of  pumping  a total 
of  2000  liters  of  STP  air  and  maintaining  a 0.01  torr  back  pressure.  Because 
of  the  long  sampling  times  and  the  relatively  high  pumping  rate  (2.5  £pm  STP 
at  36  km  and  6.4  2-pm  STP  at  28.5  km),  a very  large  sample  is  collected.  The 
fluorocarbon  cryosampler  contains  four  vacuum- jacketed  stainless  steel  dewars 
partially  filled  with  stainless  steel  wool.  These  are  initially  under  a 
vacuum  and  two  in  each  of  two  sets  are  in  series  with  each  other.  Gas 
species  are  condensed  on  the  inner  surfaces  and  on  the  stainless  steel  wool. 
Collection  efficiency  as  measured  in  the  laboratory  is  over  90%  for  the 
first  cryosampler  in  the  series.  Large  enough  samples  of  stratosphere  air 
can  be  pumped  through  the  experiment  so  that  1 ppt  (1  part  in  101,  by  volume) 
of  desired  trace  gases  can  be  identified  by  laboratory  analysis.  Air  flow 
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rate  is  measured  with  a precision  venturi  meter.  The  experiment  weighs 
450  lb  excluding  the  weight  of  the  molecular  sorption  pump  and  inlet  plumbing. 
Critical  valving  is  accomplished  with  motor-driven  bellows  valves  with  metal 
seats.  The  system  is  rigorously  cleaned,  baked,  purged,  and  sealed  prior  to 
flight.  The  scientific  results  of  this  experiment  as  well  as  a more  compre- 
hensive description  will  be  published.  Figure  1 is  a photograph  of  the 
experiment . 

3.2  Aerosol  Experiment 

In  the  aerosol  experiment  ambient  air  was  pumped  at  high  velocities 
through  a sample  chamber  using  a large  air  ejector  pumping  system  on  loan 
from  the  Air  Force.  The  sampling  chamber  contained  a rotary  plate  with  four 
holes  2.5  cm  diameter,  each  of  which  was  rotated  into  the  airstream  between 
the  inlet  and  outlet  ports.  Mounted  in  each  hole  in  the  rotary  plate  was  a 
particle  collector,  consisting  of  a thin  wire  and  an  electron  microscope 
screen,  and  two  subminiature  lamps.  The  glass  envelope  had  been  cut  away 

on  the  sides  of  the  lamps  exposing  the  filament  on  which  was  deposited  a 
gold  bead.  When  voltage  was  applied  to  the  lamp,  the  gold  was  vaporized  at 
an  oblique  angle  and  deposited  as  a thin  film  over  the  particle  collector 
surface.  Particles  on  the  surface  at  the  time  of  gold  deposition  shielded 
the  surface  adjacent  to  them  from  gold  deposits,  yielding  a shadowed  area. 

One  such  gold  vaporization  was  done  prior  to  exposing  the  collector  surface 
to  the  incoming  airstream.  After  the  sampling  interval  (approximately  10  min) 
the  remaining  lamp  was  flashed  from  a different  angle.  This  gold  shadowing 
technique  helped  to  identify  collected  particles  from  contaminants  already 
present  on  the  collector  by  shadow  direction  and  whether  one  or  two  shadows 
were  present.  The  rotary  wheel  was  driven  by  a small  DC  motor  and  detents 
determine  the  alignment  of  the  four  air  passages.  The  sample  chamber  was 
valved  off  at  the  inlet  and  exit  by  motor-driven  ball  valves  which  were 
selected  because  of  their  quarter-turn  operating  characteristic  and  excellent 
sealing.  Aircraft  fuel-valve  motor  assemblies  were  selected  from  the  sur- 
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plus  market  at  $10  each  for  driving  these  valves.  Another  ball  valve  con- 
nects the  chamber  with  the  molecular  sorption  pump  so  that  a vacuum,  down  to 

0. 01  torr,  can  be  established  in  the  chamber  to  permit  satisfactory  gold 
shadowing.  All  of  the  valving  and  gold  shadowing  functions  were  controlled 
by  ground  commands  and  monitored  bv  the  telemetry  system.  Figure  2 is  a 
photograph  of  the  aerosol  system  without  the  pumping  system  attached. 
Scientific  results  will  be  published. 

1.  (iONDOLA  SYSTEMS 

4. 1 Structure 

The  gondola  was  designed  to  accommodate  the  standard  equipment  rack 
using  for  experiments  on  the  U-2  aircraft.  The  structure  is  in  three 
sections  which  simply  bolt  together  at  the  four  corners.  The  middle  section, 
however,  was  not  used  in  this  flight.  Figure  3 is  a photograph  showing  the 
two  assembled  sections.  The  lower  section  contains  the  power,  electronics, 
sorption  pump,  and  the  halocarbon  experiment  rack.  The  uppeV  section  con- 
tains the  aerosol  experiment,  anemometer  instrumentation,  and  balloon  inter- 
face equipment.  This  modular  construction  makes  it  simple  to  separate  for 
removal  of  subassemblies  and  for  test  and  checkout.  Weight  optimization  was 
not  a large  consideration  since  the  basic  structure  is  only  about  9%  of  the 
total  suspected  weight.  For  simplicity  of  design,  ease  of  fabrication,  and 
with  some  consideration  for  weight  and  stiffness,  the  sections  are  made  from 
2 * 2 in.  aluminum  6061  alloy  angle  with  aluminum  1-1/2  in.  tubing  cross 
members.  The  angle  is  easy  to  work  and  the  tube-angle  connections  are  easy 
to  cut,  fit,  and  weld. 

4.2  Electrical  and  Electronic  Equipment 

Because  of  its  availability  a large  silver-zinc  battery  was  used  for 
primary  power.  It  was  made  up  of  seventeen  80  A-h  cells.  This  capacity  was 
far  greater  than  required  but  these  were  reliable  batteries  proven  on  other 
balloon  flights  and  the  additional  weight  was  of  small  concern.  All  primary 
power  is  returned  to  the  distribution  box  where  the  return  is  grounded  to 
the  structure. 
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most  of  the  electronics  designed  for  the  gondola.  We  made  use  of  the  NCAR 
Consolidated  Instrument  Package,  which  is  available  to  scientific  balloon 
users,  for  both  data  and  payload  commands.  It  was  necessary  only  to  build 
an  interface  unit  to  process  the  commands  to  our  systems.  The  NCAR  downlink 
is  UHF  band  with  standard  1R1G  FM  subcarriers  with  0-  to  5-V  inputs.  One 
channel  was  used  for  PCM  data.  This  instrument  package  is  ideal  for  projects 
like  this  one,  those  limited  by  budget,  manpower,  and  time. 

The  command  interface  unit,  which  also  provides  all  signal  conditioning, 
processes  each  command  by  using  miniature  latching  relays.  Since  each  com- 
mand function  is  discrete,  with  no  time  overlap,  a single  "off"  command  resets 
all  relays  to  the  "zero"  state.  Using  a large  number  of  latching  relays  has 
an  operational  drawback  because  the  state  of  the  relay  may  not  be  known. 
Checkout  and  troubleshooting  are  extremely  difficult  in  a complicated  system. 

To  facilitate  checkout,  a small  printed  circuit  card  with  LED  indicators,  one 
for  each  command  or  relay,  plugs  into  the  top  of  the  interface  unit.  The 
appropriate  LED  lights  upon  each  command  indicating  the  state  of  the  relay 
and  stays  that  way  until  an  "off"  command  is  given.  The  twelve  separate 
valving  functions  require  two  commands  each,  one  to  open  each  valve  and  one 
to  close  it.  A separate  test  command  box  was  designed  to  plug  directly  into 
the  command  and  telemetry  connectors.  Commands,  exactly  duplicating  the  true 
NCAR  output,  can  be  sent  and  most  function  indications  to  t he  telemetry  are 
seen  on  another  LED  readout  board  in  this  unit, 
l.ii  Valving  Control 

Most  experiment  operations  required  critical  valving.  For  the  cryosampler 
the  11  special  motor-driven  bellows  valves  were  driven  by  the  experiment 
electronics  which  sensed  the  increase  in  motor  stall  current  as  the  valve 
closed  and  seated.  At  some  predetermined  current,  roughly  associated  with  a 
given  shaft  torque,  a signal  was  returned  to  the  command  box  to  turn  off  the 
command.  On  valve  opening,  a microswitch  operated  to  turn  off  the  command. 

The  ball  valves  were  driven  by  the  command  latching  relays  with  a driver 
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relay  to  handle  the  heavy  current.  A weighted  flapper  valve  on  the 
cryosampler  inlet  tube,  essential  to  maintain  manifold  gas  purity  prior  to 
reaching  a high  altitude,  was  held  on  by  a pressure  difference  until  about 
18  km.  A backup  motor  with  a wire  linkage  to  the  flapper  valve  was  available 
if  the  seal  caused  sticking  of  the  cover. 

1.1  Knv  iron  menial  Protecting  and  Testing 

The  gondola  systems  were  built  and  assembled  on  a schedule  that  allowed 
almost  no  time  for  environmental  testing  except  for  certain  components.  Cer- 
tain obvious  design  approaches  were  taken  to  minimize  potential  failures  due 
to  the  environmental  extremes  of  temperature  and  pressure  expected  during 
the  flight.  Electronic  components  were  selected  for  their  temperature  limits. 

\ 

For  example,  5400  series  integrated  circuits  were  used.  ball  valves  and 
motors  were  cold-soaked  at  -60°C  and  then  operated  with  no  failures.  Valve 
and  motor  assemblies  for  the  cryosampler  experiment  were  immersed  in  liquid 
nitrogen  and  then  operated.  Batteries  were  packaged  and  insulated  as  in 

previous  balloon  flights.  An  additional  concern  was  the  electrical  systems 

I 

I and  electronics  packaged  into  the  interface  unit.  This  box  was  both  insu- 

lated and  equipped  with  silicon  rubber  flat  blanket  heaters  with  thermostat 
■ controls  set  between  -10°  and  20°C.  Flight  temperatures  inside  this  assembly 

showed  a gradual  decrease  to  -15°C  over  about  2 hours  and  then  a slow  rise 
to  18°C.  No  environmental  problems  occurred  on  the  flight. 

5.  EXPERIMENT  PROCEDURES 

3.1  Elicit  Profile 

The  balloon  tr  in  was  lifted  to  altitude  with  a 330  * 10^  m1  balloon. 

The  reel-down  equipment  shown  in  Figure  4 was  NCAR  supplied  and  it  lowered 
the  gondola  about  350  m below  the  balloon  soon  after  lift-off  from  the 
ground.  The  schematic  drawing  of  the  balloon  train  is  shown  in  Figure  5. 

At  15  km,  the  wind  vane  was  deployed.  At  18  km  the  scientific  aerosol 
experiments  were  begun.  Above  32  km  helium  was  vented  from  the  balloon 
valve  to  achieve  a 36  km  first  float  altitude  for  2 hours  for  the  cryo- 
sampler experiment.  Then  a second  venting  and  ballasting  was  undertaken  to 


reach  second  float  altitude  of  about  28.5  km  for  another  hour  of  gas 
samp  ling. 


4 


f 


1 


5.2  Experiment  Operations 

The  aerosol  experiment  sampled  over  four  altitude  ranges  on  ascent,  for 
10-min  duration  for  each  sampling  interval.  The  time  between  aerosol 
samplings,  5 min,  was  taken  up  by  the  rotation  of  the  sampling  wheel  to  the 
next  position,  pumping  down  the  sampling  chamber  and  g old  flashing. 

Some  brief  results  will  be  given  with  regard  to  the  operational  aspects 
of  the  aerosol  experiment.  Table  II  is  a summary  of  average  airflow  rate 
and  velocity  at  the  2.0-cm-diam  port  at  the  collecting  surface.  Flow  rate 
was  derived  from  the  airflow  unit  supplied  by  the  Air  Force  with  the  air 
ejector  pump  and  was  calibrated  at  HAFB  prior  to  flight.  The  velocities 
are  high  enough  to  cause  impaction  of  particles  _>0.1-pm  diam  onto  the 
collecting  surfaces.  The  gold  shadowing  provided  a clear  discrimination 
between  collected  particles  and  contaminants  at  each  altitude  range. 

After  stabilization  at  36  km  the  cryogenic  air  sampler  experiment  was 
operated  for  the  2-hour  sampling  period.  About  300  liters  STP  of  air  were 
pumped  through  the  cryotanks.  Flow  rate  closely  approached  that  observed 
during  controlled  laboratory  tests  made  prior  to  flight.  The  sampling 
sequence  was  repeated  for  the  other  set  of  cryotanks  at  28.5  km  where  about 
400  liters  of  air  STP  were  pumped  through  the  sampler.  During  the  course  of 
the  experiment  two  whole  air  "grab"  samples  were  made  at  each  altitude  in 
1-liter  bottles. 


6.  WIND  POINTING  ANI)  ANEMOMETRY 

6. 1 General 


NCAR  meteorologists  suggested  that  differential  winds  of  perhaps  several 
meters  per  second  could  be  expected  when  the  balloon  and  gondola  were  sepa- 
rated by  350  m at  altitude.  The  vane  area  was  set  at  about  9 m2  based  on 
design  calculations  and  the  fact  that  this  was  about  the  largest  size  that 
could  be  easily  stored,  deployed,  and  restored.  The  sail  was  stored  again 
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alter  deployment  to  avoid  a windmilling  of  the  gondola  due  to  vane  torques 
on  descent  that  could  wrap  up  the  lower  chute.  Figure  6 is  a photograph 
oi  the  vane  when  partly  deployed  on  the  ground.  In  its  stored  condition 
the  lower  boom,  a 3.8-cm-diam  aluminum  tube,  is  hinged  up  against  the  upper 
4.9  m long  upper  boom,  which  is  5.1  cm  in  diameter,  and  held  by  a snring- 

d catch  operated  by  a cable  inside  the  tube.  Release  is  accomplished 
by  motor  operation  with  a squib  pin  puller  for  backup.  Vane  material  was 
1.2-ounze  nylon  spinnaker  sail  cloth. 

Initial  calculations  gave  a maximum  restoring  moment  of  force  of  about 
1.0  N-m  at  3b  km  with  the  vane  90°  to  a 2 m/sec  wind.  Because  of  the  large 
gondola  cross  section  relative  to  the  sail  length  some  shadowing  of  the  vane 
at  low  yaw  angles  with  unknown  turbulence  effects  was  expected.  Within  a 
total  slewing  angle  range  of  approximately  90°  (±45°  from  the  wind  direction), 
wind-vaning  would  be  considered  satisfactory  because  inlet  tubes  would  be 
well  upstream  of  any  point  on  the  gondola. 

6.2  Wind  Velocity  Measurement 

Expected  differential  winds  were  from  0 to  5 m/sec  with  an  air  density 
as  low  as  0.0073  kg/m1.  There  was  little  experimental  Information  in  this 
regime  regarding  airspeed  measurements.  Bv  wilee  (1971)  had  some  success 
with  a propeller  anemometer  at  33  km.  Rhyne  (1969),  at  NASA  Langley  Research 
Center,  showed  results  of  helicoid  propeller  anemometers  which  indicated  that 
in  our  expected  wind  environment  the  helicoid  propeller  anemometer  might  be 
effective.  Hiaks  (1972)  showed  more  data  for  turbulent  and  gusty  winds.  The 
calibration  constant  for  this  propeller  is  very  stable  at  higher  pressures 
and  velocities;  that  is,  each  meter  of  passing  air  produces  about  the  same 
number  of  revolutions  over  a wide  range  of  speeds  and  pressures.  At  low 
wind  speeds  and  also  at  very  high  altitudes  a slippage  occurs  and  it  is  in 
this  regime  that  calibration  must  be  made. 

Two  helicoid  propeller  anemometers,  called  Gill  anemometers,*  were 
*Supplled  by  the  R.  M.  Young  Co.,  Ann  Arbor,  Michigan. 


mounted  on  the  gondola  upper  section.  The  first,  flown  without  modification 
had  a photo  chopper  output.  The  second  unit  was  modified  by  installing  sub- 
miniature pivot  bearings  which  reduced  the  already  low  frictional  drag  at 
low  speeds.  A third  commercial  propeller  anemometer  was  a Davis  A/2-4"  ball 
bearing  anemometer  with  an  electronic  pickoff.  The  electronics  in  this 
unit  were  modified  to  be  compatible  with  the  gondola  and  an  internal  heater 
was  added  and  the  housing  insulated.  Anemometers  were  mounted  inside 
cylindrical  shrouds  so  that  above  an  angle  to  the  wind  of  about  35°  - 45° 
the  propeller  was  blocked  from  the  wind.  Figure  7 is  a photograph  of  the 
mounted  anemometers.  Pulse  output  was  fed  directly  into  a VCO  in  the 
telemetry. 

6.2.1  Calibration 

Calibration  was  done  in  a large  sphere  9 m in  diameter  that  had  been 
modified  to  serve  as  a test  chamber.  Pressure  altitudes  to  40  km  could  be 
simulated.  A large  turntable,  driven  by  a controlled  DC  motor,  turned  a 

3.1  m long  boom  on  which  the  anemometer  was  mounted.  Calibration  was  done 
at  six  different  altitudes,  from  21.3  to  40  km.  At  the  higher  altitudes  and 
slower  wind  speeds  propeller  slippage  increases.  At  each  altitude  an  approx 
imate  threshold  velocity  was  established  where  propeller  slippage  was 
increasing  rapidly  and  the  propeller  tended  to  be  in  the  stopping  region. 
This  threshold  speed  was  between  about  1.0  and  1.3  m/sec  in  the  balloon 
altitude  range  and  is  also  about  where  the  resulting  moment  of  force  from 
the  wind  vane  was  becoming  ineffectual  in  keeping  the  gondola  pointed  into 
the  wind.  The  anemometer  responded  consistentl  in  the  tests  and  the  data 
were  repeatable. 

6.3  Magnetometers 

Two  flux  gate  magnetometer  comp  — . - , ■ • i * r and  successfully 

used  on  earlier  balloon  experiments,  vvt>  - : r«-  ind  aft  near  the 

top  of  the  gondola.  The  magnetometers  v.  r*  •.  . vt  ! t>  indicate  response 


Supplied  by  Davis  Inst.  Mfg.  Co.,  Baltimore,  Maryland. 


of  the  gondola  to  shear  winds  and  to  verify  wind  pointing.  The  flux  gate 


output  is  demodulated  producing  an  error  signal  that  is  converted  into  a 
two-phase  motor  drive  output  which  servos  the  magnetometer  head  toward  the 
magnetic  pole.  A potentiometer  produces  the  0-  to  10-V  output  for 
continuous  readout. 

6. 1 Instrumentation  Performance 

One  magnetometer  operated  normally  throughout  the  flight.  The  other 
unit  tended  to  freeze  or  stick  over  part  of  its  range  but  it  corroborated 
the  data  from  the  other  unit  in  its  working  range. 

One  anemometer,  the  Gill  unit  without  modification  to  the  bearings  and 
electronics,  operated  throughout  the  flight.  The  propeller  turned  freely 
in  light  and  heavy  winds.  From  its  response  to  gusts  with  rapid  changes  in 
frequency  it  was  inferred  that  environmental  effects,  principally  cold  tem- 
perature, had  little  or  no  effect  on  its  performance.  Qualitatively,  the 
recorded  output  traces  from  calibration  and  the  flight  appear  very  similar 
in  their  responses.  The  second  Gill  anemometer  with  modified  bearings  and 
electronic  pickoff,  failed  during  ascent  and  was  inoperative  throughout  the 
flight.  Faulty  bearing  installation  was  determined  to  be  the  cause.  The 
commercial  Davis  anemometer  operated  approximately  60%  of  the  time.  A 
marginal  temperature  problem  in  the  electronics  caused  periodic  electronic 
failure  throughout  the  flight.  During  its  operation,  however,  it  corrobo- 
rated data  from  the  Gill  anemometer.  Its  threshold  was  slightly  above  that 
of  the  Gill  and  it  would  stop  functioning  around  the  1.5  m/sec  level. 

7.  PLIGHT  PERFORM  WCh  \M>  HIM)  POINTING 

7.1  Shear  Winds 

The  experiment  launch  time  was  originally  set  for  late  October  through 
the  middle  of  November  from  the  launch  base  at  Palestine,  Texas.  During 
that  period  of  time  the  high  altitude  winds  reach  their  highest  velocities 
and  are  more  consistent  as  compared  with  those  winds  from  December  through 
February.  Higher  shear  winds  were  indicated  in  this  Oc tober-November  time 
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period  because  of  the  rapid  increase  in  wind  strength  at  higher  altitudes. 
Finally,  it  was  anticipated  that  consistently  strong  wind  in  a predictable 
easternly  direction,  when  coupled  with  the  magnetometer  data,  would  help 
in  analyzing  wind-pointing  performance. 

However,  the  launch  was  postponed  until  the  17th  of  January  1976  when 
the  winds  aloft  were  somewhat  variable  and  unpredictable  because  of  strato- 
spheric warming.  A false  "turnaround"  had  occurred  earlier  in  the  month. 
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The  high  altitude  winds  in  the  middle  of  January  averaged  only  37  knots  at 
37  km  but  the  standard  deviation  was  47  knots!  The  balloon  track  was  east 
by  northeast  with  a turn  toward  northeast  later  in  the  flight. 

Since  the  anemometers  were  shrouded,  responses  rapidly  decreased  to 
zero  as  wind  angle  increased  above  about  35°.  This  operational  fact  is 
sufficient  to  define  satisfactory  wind  pointing  as  those  times  when  anemom- 
eter output  was  present  and  continuous  over  a time  interval.  Those  times 
when  output  was  zero  or  sporadic  could  indicate  drifting  away  from  a light 
wind,  or  simply  a decrease  of  the  wind  strength,  or  both.  The  anemometer 
data  represent  true  wind  strengths  except  for  the  cosine  effect,  a relatively 
small  factor,  especially  because  the  average  wind  angle  over  time  was  much 
smaller  than  the  35°  cutoff  angle  because  close  wind  pointing  occurred  over 
long  durations  of  the  flight. 

Shear  winds  encountered  were  surprising  in  their  variability,  intensity, 
and  directional  changes.  These  results  must  partly  be  attributed  to  the 
inconsistency  of  the  high  altitude  winds  themselves  during  the  launch  period. 

Figure  8 is  a summary  of  anemometer  data  throughout  the  flight.  The 
fine  structure,  showing  rapidly  varying  winds,  sometimes  changing  by  1 to 
2 m/sec,  is  not  shown.  Periods  of  gusty  winds  occurred  throughout  the 


flight . 

The  maximum  differential  wind  was  about  8 m/sec  which  occurred  at  29  km 
at  the  start  of  the  second  float.  Directional  changes  in  the  shear  wind 
were  frequent  also,  causing  the  gondola  to  wind-point  over  a wide  range  of 
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the  compass.  Despite  the  variability  in  this  wind,  it  provided  adequate 
force  to  properly  point  the  gondola  throughout  the  flight  except  for  some 
short  intervals  noted  below. 
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7.2  Gondola  Response 

7.2.1  Predicted 

The  gondola  train  hanging  from  braided  nylon  rope  is  essentially 
decoupled  torsionally  from  the  balloon.  It  responds  torsionally  to  the  wind 
moments  derived  from  windage  on  the  gondola  structure,  experiments,  and  the 
wind  vane.  Since  wind  vane  moment  of  force  is  many  times  greater  than  the 
others,  which  are  small  and  indeterminable,  it  alone  will  be  considered  as 
the  source  of  all  torques. 

The  gondola  behaves  like  a torsion  pendulum  displaying  simple  harmonic 
motion  as  it  responds  to  wind  forces  on  the  vane.  Given  some  initial  angular 
displacemei' t from  the  wind  direction  and  a constant  breeze,  the  gondola 
oscillates  about  the  wind  direction  in  periodic  motion.  Angular  displacement 
and  period  remain  constant  if  aerodynamic  damping  is  neglected.  The  cause 
of  the  original  "displacement"  can  be  one  of  several  or  a combination  of 
perturbing  torques:  a wind  direction  shift;  a gust  during  some  initial 

oscillation;  or  drift  during  calms  and  then  a wind  pickup. 

The  restoring  torque  from  the  vane  in  the  wind  is: 


T 


CrvA 


FI  = 


p v2f.  sin  0 


(2) 


t- 


F = force  on  vane 

Cq  = drag  coefficient  * 2.0 

A = area  of  vane,  9 m2 

p = air  density 

v = shear  wind  velocity 

l = moment  arm  to  center  of  pressure  of  the  wind  vane,  3.66  ra 


9 = angle  between  wind  direction  and  vane 

Figure  9 shows  total  force  on  the  vane  at  90°  as  a function  of  wind  velocity. 
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A simple  torsion  penduium  requires  the  restoring  torque  to  be  proportional 


to  angular  displacement. 


t + K0  = 0 


Simple  harmonic  motion  occurs  for  the  gondola  if  Cp  remains  constant 
and  the  angle  is  small  so  that  sin  0=0.  Actually,  displacement  angles  to 
45°  are  taken  with  little  practical  operational  effect. 

The  coefficient,  Cp,  is  called  here  the  drag  coefficient  although  it 
could  also  be  termed  a lift  coefficient.  It  is  selected  from  an  aerodynamic 
regime  where  little  data  are  available,  the  regime  of  very  low  densities  and 
very  low  velocities.  Some  textbooks  indicate  at  very  low  Reynolds  numbers 
Cp  is  between  1.5  and  3.  Hoemer  (1965)  shows  appropriate  shapes  with  Cp 
between  1.1  and  1.6  but  these  would  tend  to  increase  at  the  Reynolds  number 
involved  (Nr  < 1000).  In  the  vane  design  a Cp  of  2 was  taken  with  the 
gondola  assumed  stationary  at  a larger  angle.  With  a vane  area  of  9 m2  a 
2 m/sec  wind  at  36  km  yields  a restoring  torque  of  0.68  N-m,  at  a 45°  angle. 
The  magnitude  of  this  torque  was  judged  adequate  for  positive  wind  cocking. 
As  the  gondola  oscillates,  Cp  will  undoubtedly  change  and  aerodynamic 
damping  will  be  introduced. 

The  period  of  oscillation  for  a simple  torsion  pendulum  is: 


= Hit 


p = period  in  seconds 
I = moment  of  inertia,  270  kg  m2 
K * torque/angular  displacement 
= F2./0 

Figure  10  shows  the  period  as  a function  ot  wind  velocity  at  the  two 
different  altitudes  assuming  same  initial  angular  displacement  from  the  wind 
and  no  aerodynamic  damping. 

As  the  wind  increases  from  some  initial  condition,  the  period  and 
amplitude  of  the  harmonic  motion  will  decrease.  The  original  amplitude 
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decreases  with  time  as  the  increasing  wind  energy  occurs  over  the  whole 
cycle,  reducing  the  period  and  amplitude  continually.  It  is  analogous  to 
decreasing  the  length  of  a torsion  pendulum  wire,  thereby  increasing  the 
spring  constant.  As  winds  decrease,  this  "damping"  operates  in  reverse  and 
the  yawing  angle  and  period  increase.  Unstable  shear  winds  then  cause 
gondola  motions  with  changing  periods  and  amplitudes.  Figure  11  shows 
computer-generated  curves  of  the  simple  torsional  motion  with  different  rates 
of  increasing  wind. 

A display  of  periodic  motion  defines  wind  vaning.  The  "initial" 
displacement  or  angular  velocity  is  one  of  the  determinants  of  the  future 
of  the  oscillation  and  this  "initial"  displacement  itself  can  be  a compli- 


cated sum  with  time  of  shifts,  gusts,  and  drift. 

7.3  Flight  Performance 

Actual  flight  wind  pointing  can  be  divided  into  three  broad  regimes. 

When  the  magnetometer  shows  little  oscillation  or  none  at  all  and  the  anemom- 
eter indicates  strong  winds  (above  3 m/sec),  the  gondola  is  in  the  regime  of 
solid  wind  pointing  and  stable  operation  as  the  "damping"  effects  have  taken 
place.  When  periodic  yaw  motion  is  present  over  angles  of,  say,  10-45°, 
and  light  and  constant  winds  prevail,  the  gondola  is  wind  vaning  and  the 
large  periodic  motion  continues  with  little  damping.  The  third  regime  is 
when  the  gondola  drifts  and  winds  are  very  light  or  threshold.  All  three  of 
these  regimes  were  evident  in  the  flight  but  the  first  two  prevailed  about 
95%  of  the  time.  Whenever  the  anemometer  operated  over  a period  of  time 
(winds  greater  than  about  1.5  m/sec),  wind-cocking  became  evident.  Figure  12 
shows  gondola  heading  based  on  the  compass  data  throughout  the  flight.  Tor- 
sional oscillations,  the  fine  structure,  are  not  shown  nor  are  some  of  the 
detailed  motions  d scribed  below. 

The  interval  from  10  to  10:35  was  the  only  lengthy  period  of  time  of 
l*ght  or  threshold  winds  but  wind-cocking  was  evident  throughout  most  of 
that  interval.  Compass  data  show  wind-cocking  into  the  light  wind  with  a 
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gradual  drift  clockwise  (looking  down  at  the  gondola)  until  time  10:25.  Then 
the  direction  reversed  and  it  drifted  counterclockwise  for  210  sec,  turning 
about  1-1/2  revolutions.  Then  the  gondola  reversed  for  about  40  sec  until 
10:32,  when  indications  of  positive  windward  pointing  began  again.  Figure  13 
shows  how  the  oscillations  decay  when  the  wind  strength  increases  during  that 
time.  Solid  wind  vaning  was  evident  for  the  next  90  min  until  valve-down 
began.  Figure  13  also  shows  a typical  example  of  drift  with  occasional 
pointing  and  also  an  example  of  wind  directional  shift. 

The  valve-down  interval,  when  the  balloon  descended  from  36  to  28.5  km, 
took  about  2-1/2  hours.  Wind  intensity  fluctuated  and  winds  were  direc- 
tionally variable  as  seen  in  the  magnetometer  data.  The  gondola  wind-pointed 
throughout  this  period  except  for  short  intervals  of  drift. 

For  the  final  60  min  of  experiment  sampling,  wind-pointing  takes  place 
with  stability  (small  oscillations)  during  the  time  of  stronger  winds  as 
indicated  by  the  anemometers.  From  about  14:40  to  14:54  wider  gondola 
oscillations  occur.  After  15:05,  wind-velocity  increases  and  the  gondola 
points  steadily  at  about  a north  heading  until  the  end  of  the  experiment 
at  15:45. 

At  this  lower  altitude  of  about  28.5  km,  wind  shifts  were  more  evident 
than  at  the  first  float  altitude.  Over  the  interval  from  13:45  until  14:53, 
the  shift  in  wind  direction  caused  the  gondola  to  make  two  counterclockwise 
revolutions,  while  effectively  wind-pointing  all  the  while  except  for  several 
minutes  at  about  14:40,  when  some  drift  occurs. 

7.3.2  Comparisons  with  Predictions 

During  most  of  the  flight  variable  wind  intensity  or  direction  makes 
inflight  dynamic  analysis  difficult  or  impossible  even  though  satisfactory 
wind-vaning  was  occurring.  During  those  periods  of  strong  and  stable  winds 
with  small  angular  displacement,  period  and  amplitude  are  difficult  to 
ascertain  accurately  from  the  magnetometer  data.  There  are  certain  times 
in  the  flight,  however,  when  winds  are  constant  and  fairly  strong  and  period 


and  amplitude  can  be  determined.  Several  other  intervals  can  be  found  when 
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low  and  stable  winds  occur,  where  the  gondola  is  oscillating  from  some 
initial  wind  perturbance,  and  where  the  period  and  angular  displacements  are 
quite  large.  Then,  an  actual  wind  driving  force  can  be  compared  with  a force 
calculated  from  the  measured  wind.  This  comparison  could  help  in  understand- 
ing the  actual  aerodynamic  effects  of  the  wind  on  the  moving  vane. 

Rearranging  equation  (4) 

4tt2I6 

Fi 

and  from  equation  (2) 

F0  = CDpv2  sin  0 . 

These  two  force  calculations  represent  force  derived  from  actual  inflight 
dynamics,  Fj,  and  the  force  calculated  from  the  aerodynamic  effect  of  the 

wind,  Fq.  Again,  CD  is  assumed  constant  even  though  it  undoubtedly  will 
vary  some  over  the  angular  displacements  and  range  of  wind  velocities. 

For  example,  at  11:10,  the  period  was  38  sec  and  amplitude  was  about 
±3°  and  wind  was  quite  stable  at  6.5  m/sec.  The  force  deduced  from  gondola 
dynamics,  Fj,  is  0.127  N.  For  comparison  the  aerodynamic  force  calcu- 
lated from  the  wind  velocity,  FQ,  is  0.147  N. 

Table  III  summarizes  these  forces  during  five  separate  stable  intervals. 
Despite  an  uncertainty  in  angular  resolution  of  the  magnetometer  data  in 
calculating  Fj  and  an  undetermined  absolute  accuracy  of  the  squared  velocity 
data  the  comparison  of  forces  is  quite  good.  From  the  Table  III  comparisons 
we  can  conclude  that  wind  forces  (F0)  calculated  from  a simplified  aero- 
dynamic model  and  those  derived  from  the  equation  of  simple  harmonic  motion, 
F[,  have  a reasonable  correspondence.  The  force,  F0,  is  suitable  for  design 
purposes  and  performance  predictions. 

In  Figure  11  an  example  of  inflight  amplitude  damping  is  shown  and  com- 
pared with  the  theoretical  curves  in  the  same  figures.  It  indicates  a more 
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rapid  damping  of  the  gondola  oscillation  than  the  theoretical  curves  based 
on  no  aerodynamic  damping.  In  fact  this  example  of  damped  harmonic  motion 
was  typical  throughout  the  flight  whenever  wind  increases  occurred.  Some 
aerodynamic  damping  would  be  expected  as  the  vane  swings  back  and  forth  with 
a varying  angular  velocity  causing  changes  in  airstream  separation  and 
frictional  drag.  Damping  of  undetermined  magnitude  could  be  also  contributed 
by  the  large  quantities  of  LN2  in  the  experiment  dewars  and  sorption  pump. 

In  any  case  the  more  highly  damped  oscillations  experienced  in  flight  com- 
pared with  the  theoretical  ones  indicate  real  forces  at  work  and  are  benefi- 
cial in  that  they  contribute  to  better  wind  vaning  performance. 

7.3.3  Proposed  System  Improvements 

Gondola  yaw  motion  will  be  better  defined  by  improving  the  sensitivity 
of  the  magnetometer  compass  so  that  angular  resolution  can  be  determined  to 
one  degree.  It  should  be  possible  to  reduce  the  propeller  anemometer  thresh- 
old to  about  0.5  m/sec  wind  speed  at  36  km  by  installing  miniature  pivot 
bearings  and  making  other  improvements.  Photo  chopper  pulses  per  revolution 
will  be  increased  to  the  maximum  (24)  and  fed  to  a f requency-to-vol tage  con- 
verter so  that  continuous  readout  is  possible  in  order  to  determine  wind 
changes  more  accurately. 

This  flight  showed  that  shear  winds  occasionally  diminished  to  a level 
that  caused  gondola  drift.  To  eliminate  the  possibility  of  contamination 
from  the  gondola  during  these  times,  a gas  inlet  valve  can  be  controlled  by 
anemometer  output.  When  shear  wind  drops  below  some  level,  the  valve  closes 
and  stops  the  air  flow  until  the  wind  increases  and  a suitable  time  delay 
ensues. 

Finally,  we  plan  to  make  an  aerodynamic  study  of  vane  shapes  to  determine 
the  best  vane  for  improved,  passive  aerodynamic  damping. 
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TABLE  I.-  PARTICLES  FROM  BALLOON-BEHAVIOR  IN  SHEAR  WIND 


Horizontal  distance  (m)  from 
gondola  at  intersect  altitude 
for  two  particle  sizes 


Particle  fall  speed, 
cm/ sec 


Alt, 

2 pm 

20  um 

2 pm 

20  pm 

km 

20 

56 

56 

0.05 

0.5 

30 

55 

55 

0.3 

3.0 

40 

55 

54 

1.0 

10.0 

-Gondola-balloon  separation,  350  m 
-Balloon  rise  rate,  250  m/min 
-Horizontal  shear  wind,  0.5  m/sec 

Particle  fall  time  from  balloon  (hours) 
Alt,  km  2 pm 

20  25 4 

30  42 

40  13 

-No  balloon  rise 
-No  shear  wind 
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TABLE  II.-  AEROSOL  EXPERIMENT  OPERATION  SUMMARY 


Avg  alt, 
km 

Avg  ambient  flow 
rate 

Avg  velocity 
at  collector 

Sampling  interval  1 

19.8 

1.25  m3/min 

73  m/sec 

Sampling  interval  2 

24 

1.75  m3/min 

98 

Sampling  interval  3 

28.3 

2.24  m3/min 

126 

Sampling  interval  4 

32 

2.51  m3/min 

130 

TABLE  III.-  COMPARISON  OF  PREDICTED  AND  INFLIGHT  WIND  FORCES 


Time 

Alt, 

km 

9, 

deg 

Period , 
sec 

— 
Wind  sp., 

m/sec 

Fl, 

N 

F0 1 
N 

10:15 

36 

7 

80 

2 

0.047 

0.039 

11:10 

36 

3 

38 

6.5 

.127 

.147 

13:13 

34.3 

9 

34 

5.5 

.352 

.421 

15:08 

28.5 

21 

54 

2.6 

.362 

.510 

15:26 

28.5 

4 

72 

1.8 

.039 

.059 
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Figure  5.-  Balloon  flight  train. 
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Figure  8.-  Anemometer  result 
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Figure  11.-  Calculated  gondola  motions  with  increasing  wind. 
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Figure  12.-  Gondola  heading. 
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Figure  13.-  Typical  gondola  motions. 


i 

« 

i 

f 


* 


311 


. M ...»  , *' . *>y  ■ • 


" 4-**>  ti.m-  VW. 


Acknowledgments 

The  author  wishes  to  express  his  appreciation  to  Mr.  Roger  Krause  for 
his  invaluable  assistance  and  mechanical  innovations  in  designing  and  build- 
ing the  gondola  and  to  the  National  Scientific  Balloon  Facility  for  their 
electronic  communication  support  as  well  as  overall  excellent  cooperation 
and  support. 


References 

Brownlee,  D.  E.,  A search  for  interplanetary  dust.  Ph.D  Thesis,  Univ.  of 
Washington,  1971. 

Hicks,  B.  B.,  Propeller  anemometers  as  sensors  of  atmospheric  turbulence. 

Boundary-Layer  Meteorology  3,  1972,  pp.  214-228. 

Hoerner,  Sighard  F. , Fluid  Dynamic  Drag.  Published  by  Hoerner,  Midland  Park, 

N.  J.,  1965. 

Lueb,  R.  A.  et  al..  Balloon-borne  low  temperature  air  sampler.  Rev.  Sci. 

Instrum.  46,  1975,  p.  6. 

Rhyne,  R.  H. , and  Greene,  G.  C.,  Aerodynamic  tests  of  propeller  and  cup 
anemometers  at  simulated  Mars  surface  pressure.  Langley  Working 
Paper  742,  NASA  Langley  Research  Center,  Hampton,  VA,  1969. 

Ridley,  B.  A.  et  al..  In  situ  measurements  of  stratospheric  nitric  oxide 
using  a balloon-borne  chemiluminescent  instrument.  *T.  Geophus.  Res. 

80,  1975,  pp.  1925-1929. 


312 


Contents 


1.  Theoretical  Development 

2.  Thermical  and  Aerodynamical  Flight  Analyses 

3.  Flight  Results 


< 

y 


21.  Sounding  the  Atmosphere  at  Slow  Speed  Ascension 
With  the  Aid  of  a Two  Balloon  System 
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Abstract 


Open  balloon  is  generally  used  by  experimenter  after  ceiling.  Due 
to  the  important  free  lift  ratio  which  is  necessary  for  a steady  ascension,  its 
vertical  speed  at  medium  altitude  (low  stratosphere)  is  too  high  for  accurate 
measurements  as  a function  of  the  level. 

It  is  possible  to  pass  through  medium  levels  at  low  ascent  speed  using 
valving  and  ballasting  systems  with  command  coming  from  a ground  station  or 
in-board  piloting  device.  But  this  method  uses  quite  sophisticated  and  expen- 
sive equipments.  For  this  reason,  it  is  non  suitable  for  very  simple  soundings 
of  the  tow  stratosphere,  for  instance  concerning  stratospheric  pollution  studies. 
In  fact,  this  kind  of  sounding  is  repetitive  and  often  made  from  launching 
sites  where  the  payload  recovery  is  impossible.  Within  this  framework  a com- 
pletely passive  sounding  system  using  two  balloons  has  been  developed, 
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The  upper  balloon  (or  carrier  main  balloon)  is  a large  balloon,  open 
or  tight  type,  which  is  never  fully  inflated. 

The  lower  balloon  (or  ascension  auxiliary  balloon)  is  an  open  type. 
Progressively  it  reaches  its  full  inflation  level  and  then  aerostatic  gas  is  con- 
tinuously released.  This  gas  loss  decreases  the  ascent  speed  of  the  two  balloon 
system  . 

An  automatic  ballasting  device  permits,  if  necessary,  extension  of  the 
range  of  the  low  speed  sounding. 

Furthermore,  the  low  speed  ascension  is  very  sensitive  to  the  gas/air 
differential  temperature  and  to  the  aerodynamic  drag  acting  on  the  balloon. 

In  this  way,  studies  concerning  this  system  are  useful  to  improve  general  know- 


ledge on  the  thermical  and  aerodynamical  aspects  of  the  balloon  vertical  flight. 
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1 


i 

* 
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I.  THI.ORKTICAL  DEVELOPMENT 


l.l  dotations 


carrier  main  balloon 

mB'  balloon  mass  and  volume 

initial  gross  lift  and  gas  mass 


LB  ' mGB 
o o 


ascension  auxiliary  balloon 
V 


b'  b balloon  mass  and  volume 

Lfa  , initial  gross  lift  and  gas  mass 


P initial  payload  mass 


P = G + BL 
o o 


G gondola  mass 


BL  initial  ballast  mass 
o 


FL^  initial  free  lift  of  the  two  balloon  system 


X 


A transfered  fictitious  mass 

M mo lecu lar  mass 

, p,  T volumetric  mass,  pressure,  temperature 

for  air  - M r>  , p , T 
a \a  a a 

gos  - Mg,  g,  pG,  Tg 


1.2  Inflation  at  Ground 


The  mass  of  aerostatic  gas  m_D  and  m_,  to  be  introduced  into  each 

bb  Ob 

o o 


balloon  has  to  be  calculated  so  that  : 


G) 


M. 


LB  =mB  + Po-A 
o 


’gb  lb 

o o 


M - M _ 
a G 


315 


"*■  -V*- 


A 


ri,  + FL  -v  A 
b o 


mGb  Lb  M - M 
o o a C3 


The  free  lift  ratio 


mB  + mb  + 

is  the  same  as  the  one  generally  used  for  a single  balloon. 

The  transfered  fictitious  massA  is  given  by  analysis  of  the  desired  ascen- 
sion profile  (critical  levels)  and  operationnal  considerations. 

1.3  Ascension 

In  this  chapter  we  do  not  take  into  account  the  gas/air  differential  tem- 
perature effect. 

Phase  1 : fast  ascension 

The  two  balloons  are  partially  inflated.  Free  lift  and  gross  lift  of  the 
system  are  constant  ; 

F L = F L 

o 

L=L  =L„  + L,  = m,  + mD  + P +FL 

o B b b B o o 
o o 

Ascent  speed  is  very  similar  to  a single  balloon  one. 

Phase  2 : reducing  ascent  speed 

The  two  balloon  system  reaches  level  (^T)  where  the  ascension  auxi- 
liary balloon  becomes  fully  inflated  : 


^ f°l  Vb  mGb  M 
\ o G 

Then,  aerostatic  gas  is  released  and  the  ascent  speed  decreases  until 

equilibrium,  with  zero-free  lift  at  level  (2)  : 

M - 

/T\  , „ a G _ n , 
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Phase  3 : slow  ascension  using  ballast 


After  equilibrium  an  elementary  mass  of  ballast  O(BL)  has  to  be  dropped. 
This  quantity  is  calculated  so  that  corresponding  instantaneous  ascent  speed  re- 
mains lower  than  the  authorized  limit  for  scientific  purpose.  Ascension  auxiliary 
balloon  releases  again  aerostatic  gas.  Ascent  speed  decreases  until  a new  equi- 
librium : 

i1  -Mr,  ^ 


© 


a Vb 


M 


= °(BL) 


\ a 

The  altitude  gain  is  much  larger  than  in  the  case  of  a single  balloon  B 


because 


B 


Doing  again  such  an  operation,  it  is  possible  to  obtain  an  ascension 
profile  with  an  ascent  speed  fluctuating  between  a maximum  value  and  zero. 

This  method  gives  a slow  average  sounding. 

We  must  notice  the  reliability  of  the  process  : if  a too  big  quantity  of 
ballast  is  used  for  accidental  reason,  the  ascent  speed  becomes  greater  than  the 
authorized  limit  during  a short  time,  but  decreases  quickly  without  any  durable 
damage  for  the  scientific  mission.  The  ascension  auxiliary  balloon  works  like  a 
regulating  device.  In  fact,  it  is  possible  to  pre-program  elementary  ballast  drop- 
pings on  a very  simple  way,  for  example  using  a timer.  The  resulting  ascent  pro- 
file is  neve  r too  bad  . 


Phase  4 : ceiling  level  (ballast  dropped) 

When  the  whole  mass  of  ballast  has  been  used  the  two  balloon  system 
reaches  its  ceiling  level  ^3)  : 

M - M_ 

© <^a2  =BL 


a„ ' b M 
J a 


Two  conditions  have  to  be  verified  at  level  (3j 
* main  carrier  balloon  not  fully  inflated  : 

© 


V 


M 


3 VB.  ^ '"GB  M 
o G 


* ascension  auxiliary  balloon  still  erected  : 
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M - M 
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3 b 
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/ mb 


1.4  Two  lialloon  Svsleni  Dimensioning 


Depending  of  the  scientific  mission,  following  parameters  are  given  : 


* gondola  mass  G 


* p , corresponding  to  the  level  where  the  ascent  speed  is  reduced 

\a 

under  the  limit  v,  determined  for  slow  sounding  : 


©V 


FL  - ( 


l 


\“iA 


(■  )VL 


M - M 
a (3 


M 


9=T-ea  VCxBSB  + CxbV 


* (T>  , corresponding  to  the  ceiling  level. 

33 


We  have  to  determine  the  unknown  quantities  : 

* volumes  of  the  two  balloons  Vg,  Vg 

* transfered  fictitious  mass  A 

* initial  ballast  mass  BL 


* p and  p corresponding  to  the  critical  levels  defined 
\°1  \ 2 
before 


We  can  notice  that  : 

* for  a given  technology,  balloon  mass  is  a function  of  the  volume 

* initial  free  lift  ratio  is  determined  as  usually 

* Lg  , Lg  and  also  m^g  , nig^  are  directly  deduced  from 

o o o o 

equations  pT)  and  (2^ 

To  sum  up,  for  6 unknown  parameters. 


Vg,  Vb,  A,  B L _ , 
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wa  have  at  our  disposal  : 

* equations  @ ' (*)  ' @ ' (3 

* inequalities  (?)  , (IT) 

These  two  last  conditions  may  be  restricted  for  operationnal  reasons, 
because  it  is  never  suitable  to  use  too  large  balloons. 

The  dimensioning  of  the  system  is  therefore  well  determined. 

1.5  (las /Air  Differential  Temperature  K Ifect 


Solar  and  infrared  radiation  processes,  convection  process,  and  the 
thermodynamic  process  affects  profoundly  the  gas/air  differential  temperature  and 
therefore  the  buoyancy  of  the  two  balloon  system.  The  ascension  profile  varies, 
depending  on  the  environmental  conditions  and  the  instantaneous  vertical  speed. 

Two  effects  must  be  emphasized  : 

* solar  heating  during  the  day 

* decrease  of  the  convection  process,  which  tends  to  equalize  gas 
and  air  temperature,  when  the  ascent  slows  down 

During  the  night,  the  effect  of  gas/air  differential  temperature  is  negli- 
gible during  the  ascent  phase  although  gas  is  a little  colder  than  air.  Arriving 
at  ceiling  level,  we  generally  observe  a slight  increase  of  the  gas  temperature, 
then  the  ascent  continues  at  very  slow  speed  until  equilibrium. 

Du  ring  the  day , the  fast  ascension  (phase  1)  is  not  very  sensible  to  the 
radiation  processes.  But,  from  the  beginning  of  the  ascent  speed  decrease,  solar 
heating  becomes  larger  and  larger,  due  to  reduction  of  the  convection  effect. 

Gas  temperature,  which  was  slightly  lower  than  air  temperature  (thermodynamic 
process)  becomes  greater,  until  gas  surtemperature  reaches  its  equilibrium  value. 

We  observe  therefore  an  extended  slow  speed  ascension  between  levels 
corresponding  top  and  P . It  is  important  to  notice  that  the  increase  of 


corresponding  to^  and  ^ . It  is  important  to  notice  that  the  increase  ot 

buoyancy  due  to'the  gas  surtemperature  affects  principally  the  main  carrier  bal- 
loon B.  If  the  gross  lift  of  B is  much  larger  than  the  one  f the  auxiliairy  balloon 
b,  it  can  be  very  long  to  compensate  the  thermical  lift  excess  of  B by  gas  releasing 
from  b. 

Then  slow  speed  ascension  range  without  using  ballast  becomes  very  large 
and  frequently  adequate  for  scientific  purpose. 


-•  THK.RMICAL  A INI)  AERODYNAMICAL  FLIGHT  ANALYSES 


One  of  the  general  purposes  of  the  balloonist's  work  is  to  improve  mathe- 
matical models  simulatihg  balloon  vertical  ascension.  Now  it  is  very  difficult 
to  get  accurate  results  from  a non  especially  instrumented  single  balloon  flight. 
The  free  lift  ratio  is  large  and,  for  high  values,  the  ascent  speed  is  not  very 
sensitive  to  physical  phenomena. 

On  the  other  hand,  the  analyse  of  two  balloon  system  flight  profiles  is 

of  considerable  interest  for  this  purpose. 

Critical  levels  corresponding  to  p , p , (J  are  very  sensitive 

\al  \°2  \ 3 

i to  the  thermical  state  of  the  balloons.  We  observe  the  same  sensitivity  for  the 

levels  excursion  between  two  ballast  droppings. 

Slow  speed  ascension  permits  analysis  of  radiation  and  convection  proces- 
ses because  low  vertical  speed  is  very  sensitive  to  physical  phenomena. 

I 

3.  FLIGHT  RESULTS 

Two  examples  of  observed  flight  profiles  are  given  : 

- figure  1 : night  profile 

- figure  2 : day  profile 

: 
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22.  The  STRATCOM  VI  Program  of  Correlated  Measurements 
of  Stratospheric  Composition  and  Other  Parameters 
Between  25  and  39  Kilometers  Altitude: 
September  24  & 25, 1975 

Harold  N.  Ballard 
Atmospheric  Sciences  Laboratory  (USECOM) 
White  Sands  Missile  Range,  New  Mexico 

f and 

f Preston  B.  Herrington  and  Frank  P.  Hudson 
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■ and 

Arthur  0.  Korn 
Air  Force  Geophysics  Laboratory 
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Abstract 
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The  sixth  in  a series  of  balloon -based  multi-purpose,  multi -experiment  pro- 
grams of  stratospheric  measurements  was  carried  out  on  September  24  and  25, 
1975.  The  principal  group  of  instruments,  a total  of  28,  gathered  data  for  34  hours 
in  the  altitude  range  of  25  to  29  kilometers,  and  for  one -half  hour  on  the  parachute 
descent.  A second  balloon  carrying  two  major  instruments  was  flown  for  an  eight  - 
hour  period  on  September  26.  Flights  of  an  instrumented  U-2  aircraft  at  18  and 
21  kilometers,  and  an  overpass  of  the  NIMBUS-6  satellite  were  coordinated  with 
the  principal  balloon.  The  methodology  and  purposes  of  the  correlated  measure- 
ments program  are  presented;  and  a survey  of  experimental  results  given. 
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Abstract 


Within  the  period  September  1968  to  September  1975,  six  balloon-borne  experi- 
ments under  the  title  Stratospheric  Composition  Experiments  were  conducted.  These 
experiments  were  originally  designed  to  measure  the  temperature  variations  near  an 
altitude  of  50  km  that  were  to  be  associated  with  the  diurnal  tide.  Requirements 
by  the  Department  of  Defense  for  information  concerning  stratospheric  composition, 
as  well  as  measurements  of  interest  to  the  possible  pollution  of  the  stratosphere 
by  the  Super  Sonic  Transport  and  by  the  chloroflourocarbons , gradually  increased  the 
number,  types  and  complexity  of  measurements  conducted  during  each  successive  flight. 
Measurements  of  temperature,  however,  continued  to  serve  as  basic  background  data 
for  the  composition  measurements.  Something  was  learned  during  each  flight  concern- 
ing techniques,  sources  of  thermal  contamination  and  operational  procedures  which 
must  be  followed  so  as  to  accurately  measure  the  correct  atmospheric  temperature 
with  the  balloon-borne  film-mounted  thermistor  sensors.  The  temperature  data  ob- 
tained in  the  stratosphere  from  these  six  flights  gives  information  which  is  indica- 
tive of  the  temperature  variations  which  occur  at  a specific  altitude  in  a parcel  of 
air  moving  with  the  balloon  within  time  intervals  of  three  to  twelve  hours. 
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By  1968,  balloon  technology  had  progressed  so  that  it  was  possible  to  launch 
to  an  altitude  of  approximately  50  km,  a constant-altitude  balloon  carrying  an 
atmospheric  parameter  sensing  payload  of  60  pounds.  Data  concerning  stratospheric 
winds,  gathered  by  the  Meteorological  Rocket  Network  (MRN)  over  a period  of  ten 
years,  made  possible  the  prediction  of  the  ensuing  balloon  trajectory.  These  two 
factors  have  led  to  six  integrated  experiment  balloon  flights  into  the  stratosphere 
under  the  name  Stratospheric  Composition  (STRATCOM)  experiments. 

The  program  was  initially  designed  by  the  Army's  Atmospheric  Sciences  Labo- 
ratory (ASL)  at  White  Sands  Missile  Range  (WSMR),  New  Mexico,  in  cooperation  with 
the  Aerospace  Instrumentation  Division  of  the  Air  Force  Geophysics  Laboratory 
(AFGL)  with  contract  support  from  the  University  of  Texas  at  El  Paso  (UTEP).  The 
program  objective  was  to  determine  the  salient  features  of  atmospheric  tides  in 
the  30-C0  km  atmospheric  region,  with  particular  attention  being  given  to  the  de- 
termination of  the  magnitude  of  the  diurnal  temperature  variation  associated  with 
the  tide. 

It  was  felt  by  the  authors  that  all  that  would  be  required  to  emphatically 
establish  experimentally  this  temperature  variation  and  its  magnitude  would  be  to 
simply  place  a slightly  modified  rocketsonde  temperature  sensor  in  the  form  of  a 
spherical  bead  thermistor  on  the  balloon  platform  and  cause  the  balloon  to  float 
at  a constant  altitude  near  50  km  for  a period  of  24  hours.  The  observed  differ- 
ence between  the  measured  temperature  minimum  and  maximum  values  would  then  be 
the  desired  diurnal  tidal  temperature  variation  near  50  km.  The  six  flights  con- 
ducted in  the  period  1968-1975  served  to  prove  that  the  authors  were,  at  least 
initially,  somewhat  naive  in  this  regard. 

Since  the  magnitude  of  the  temperature  variation  at  a specific  altitude  in 
the  stratosphere  is  related  to  the  solar  ultraviolet  (uv)  radi’.Lion  and  atmospheric 
composition  at  that  altitude,  the  STRATCOM  I balloon  of  1968  served  as  a constant 
level  support  near  48  km  for  a scientific  payload  weighing  59  pounds  and  consisting 
of  six  instruments  for  the  measurement  of  atmospheric  temperature,  pressure,  den- 
sity, and  relative  ozone  and  water  vapor  concentrations.  No  capability  existed 
within  ASL,  at  that  time,  to  measure  the  solar  uv  flux. 

Additional  flights  were  conducted  in  September  1969,  September  1972,  October 
1973,  May  1974,  and  September  1975  and  were  entitled  STRATCOM  II  - STRATCOM  VI, 
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respectively.  The  number  and  types  of  instruments  on  each  successive  balloon  flight 
was  increased  so  as  to  give  additional  information  concerning  the  relationship  ex- 
isting among  the  various  atmospheric  parameters  through  their  simultaneous  measure- 
ment at  successive  points  in  space  and  time  along  the  various  balloon  trajectories. 
This  was  made  possible  within  the  indicated  time  frame  only  through  the  participa- 
tion of  other  laboratories  with  existing  atmospheric  research  capabilities. 

Particularly  noteworthy  in  this  regard  was  the  participation  by  Sandia  Labo- 
ratories, Albuquerque  (SLA)  of  the  Energy  Resources  Development  Administration 
beginning  in  1971.  Experimentally  this  added  mass  spectrometry  and  ultraviolet 
spectroscopy  to  the  measurement  techniques  aboard  the  STRATCOM  payloads;  of  equal 
importance  it  made  available  the  extensive  instrumentation  development  and  field 
experimentation  experience  of  SLA.  It  was  at  this  point  that  the  correlated  multi- 
instrument measurement  approach,  backed  by  chemical  kinetic  theory  and  modeling 
was  initiated.  It  resulted  in  the  September  1972,  STRATCOM  III  balloon-borne  ex- 
periment which  carried  17  instruments  to  an  altitude  of  48  km  to  measure  solar  uv 
radiation,  atmospheric  composition  and  thermodynamic  structure.  A useful  technique 
was  developed  and  utilized  during  this  balloon  flight  to  determine  the  atmospheric 

temperature  from  balloon-borne  temperature  sensors,  without  resorting  to  theoretical 
corrections . 

The  objective  of  the  STRATCOM  experiments,  as  related  to  the  study  of  atmos- 
pheric tidal  temperature  variations,  was  addressed  during  each  flight;  however, 
requirements  by  the  Department  of  Defense  for  information  concerning  stratospheric 
composition  and  thermal  structure  as  related  to  nuclear  defense,  and  measurements 
of  interest  which  are  related  to  the  possible  pollution  of  the  stratosphere  by  the 
Super  Sonic  Transport  and  by  the  chloroflourocarbons  gradually  modified  and  in- 
creased the  numbers,  types  and  complexity  of  measurements  conducted  during  the 
STRATCOM  IV,  STRATCOM  V,  and  STRATCOM  VI  experiments. 

STRATCOM  IV  and  V,  launched  October  1973  and  May  1974,  respectively,  were 
primarily  dedicated  to  the  measurement  of  oxides  of  nitrogen,  water  vapor  and 
ozone  by  a laser  opto-acoustic  technique  developed  by  Bell  Laboratories  and  fielded 
through  their  relationship  with  SLA.  Measurements  made  by  other  instruments  aboard 
these  balloon-borne  platforms  in  the  19-28  km  altitude  interval,  particularly  by 
the  temperature  and  water  vapor  instruments,  indicate  that  little  new  information 
was  gained  from  these  flights  concerning  the  unperturbed  thermal  structure  of  the 
stratosphere. 
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The  sixth  experiment  in  the  series,  termed  STRATCOM  VI,  was  a two  balloon 
experiment  conducted  in  the  period  23-26  September  1975.  It  was  directly  or  in- 
directly supported  by  six  federal  agencies  with  participation  by  ten  federal, 
university  and  private  laboratories.  Coordination  with  U-2  aircraft  and  NIMBUS-6 
satellite-based  measurements  was  arranged. 

The  STRATCOM  Vl-b  payload,  lifted  on  26  September  by  a 2.9  million  cubic  foot 
balloon  to  an  altitude  of  30  km,  was  devoted  to  making  specific  measurements  related 
to  the  possible  contamination  of  the  stratosphere  by  the  chloroflourocarbons.  The 
STRATCOM  Vl-a  balloon  supported  a payload  of  29  instruments  which  was  borne  aloft  on 
23  September  by  a 15.6  million  cubic  foot  balloon  to  measure  the  related  solar  uv 
flux,  atmospheric  composition  and  thermodynamic  structure  in  the  stratosphere.  Film- 
mounted  spherical  bead  thermistor  again  served  as  the  atmospheric  temperature  sensing 
el ements. 

Presented  in  that  which  follows  are  the  balloon  characteristics,  the  payload 
configuration,  the  horizontal  and  vertical  trajectory  and  the  measured  temperatures 
as  functions  of  time  for  each  balloon-borne  experiment,  STRATCOM  I -VI,  conducted 
within  the  period  1968-1975. 

Something  was  learned  during  each  flight  concerning  techniques,  sources  of 
thermal  contamination  and  operational  procedures  which  must  be  followed.  Each  of 
these  is  briefly  discussed  as  it  relates  to  modifications  which  were  made  in  each 
succeeding  instrument  configuration  so  as  to  measure  accurately,  without  having  to 
resort  to  theoretical  correction,  the  atmospheric  temperatures  existing  in  the 
stratosphere.  A proper  combination  of  balloon  characteristics,  payload  weight, 
adequate  ballast  and  favorable  winds  permitted  a flight  of  33  hours  within  the 
27-40  km  interval  for  the  STRATCOM  Vl-a  flight  of  September  1975.  The  temperature 
data  obtained  during  this  experiment,  coupled  with  similar  data  obtained  during 
the  five  previous  experiments,  are  indicative  of  the  temperature  variations  which 
occur  at  a specific  altitude  within  time  intervals  of  three  to  twelve  hours. 

2.  STRATCOM  BALLOON-BORNE  EXPERIMENTS 

2.1  STRATCOM  I Experiment  Description  | Ballard  et  al,  I970| 

A helium-filled  zero  pressure  polyethylene  balloon,  with  a material  thickness 
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of  0.45  mils  and  a total  volume  of  28.7  million  cubic  feet  was  designed  and  fabri- 
cated jointly  by  the  Aerospace  Instrumentation  Division  of  AFGL  and  Winzen  Indus- 
tries, Inc.,  and  launched  from  WSMR  (32°N,  106°W)  by  the  Balloon  Branch  of  AFGL 
located  at  Holloman  Air  Force  Base  (Holloman  AFB),  New  Mexico.  The  balloon  was 
launched  on  11  September  1968  and  reached  a then  record  altitude  of  48.5  km. 

The  balloon  experiment  required  a supporting  frame  for  six  atmospheric  sensors. 
The  payload  in  its  final  configuration  consisted  of  aluminum  frame  and  ballast  exit, 
central  power  supply  and  sensor  modulation  circuitry;  two  1680  MHz  transmitters  and 
six  atmospheric  sensors  with  their  associated  mountings.  The  payload,  giving  the 
arrangement  of  the  atmospheric  sensing  instruments,  is  shown  in  Figure  1.  Two  tem- 
perature sensors  in  the  form  of  film-mounted  spherical  bead  thermistors  were  mounted 
on  hollow  glass  epoxy  rods  which  extended  three  feet  below  the  aluminium  frame. 

The  balloon  was  launched  at  0558  MST  and  reached  its  initial  float  altitude 
of  48.5  km  at  approximately  0830  MST.  The  plot  of  the  horizontal  trajectory  of  the 
balloon  is  presented  in  Figure  2 while  the  balloon  altitude  and  measured  atmospheric 
temperature  as  functions  of  time  are  presented  in  Figure  3.  Seventeen  hours  of 
stratospheric  data  were  obtained  in  the  48.5  to  45.5  km  height  interval  over  a path 
extending  from  WSMR  to  Palm  Springs,  California. 


2.2  STRATCOM  I Temperature  Measurements 

Figure  4 is  a photograph  showing  the  fully  expanded  balloon  at  an  altitude  of 
48.5  km  with  the  payload  suspended  64  feet  (19  m)  beneath  the  lower  end  of  the  bal- 
loon which  had  a diameter  of  410  feet  (124  m).  Balloon  launching  procedures  dicta- 
ted that  the  payload  be  not  more  than  this  distance  below  the  balloon  at  the  time 
of  launching.  At  the  time  the  experiment  was  conducted  it  was  felt  that  the  proxi- 
mity of  the  balloon  to  the  temperature  sensors  would  have  an  effect,  the  magnitude 
uncertain,  on  the  atmospheric  temperatures  registered  by  the  sensors.  Not  knowing, 
the  simplest  approach  was  taken. 

It  was  found  that  the  temperature  measured  near  48  km  by  the  balloon-borne 
spherical  bead  thermistors  which  were  identical  in  configuration  to  a rocket-borne 
temperature  sensor  fired  from  WSMR,  was  approximately  10°C  greater  than  the  rocket- 
sonde-determined  temperature  at  48  km.  Even  though  the  horizontal  variability  of 
the  atmosphere  was  not  known,  this  difference  between  the  temperatures  registered 


329 


jam 


r. 


by  the  balloon-borne  and  rocket-borne  thermistor  at  48  km  was  interpreted  as  an 
indication  of  the  perturbation  produced  in  the  actual  atmospheric  temperature  by 
the  large,  warmer-than-atmosphere  balloon  at  that  altitude. 

Thus  the  decision  was  made  for  the  next  flight,  to  separate  the  sensing  pay- 
load  from  the  balloon  by  a reel-down  mechanism  which  was  to  be  activated  after  the 
time  of  balloon  launching.  In  addition,  it  was  felt  that  it  was  necessary  to  have 
knowledge  of  the  temperature  of  the  surface  of  the  balloon.  This  implied  that  an 
instrument  package  with  a temperature  sensor  attached  to  the  skin  of  the  balloon 
would  be  mounted  on  the  apex  plate  of  the  STRATCOM  II  balloon. 


2.3  STR  ATCOM  II  Experiment  Description  | Ballard  et  el,  1972 1 

The  second  of  the  series  of  stratospheric  composition  experiments  was  launched 
to  a then  new  record  altitude  of  50.0  km  from  WSMR,  NM  on  22  September  1969.  The 
30.7  million  cubic  foot  helium-filled,  zero  pressure,  polyethelene  balloon  supported 
an  instrument  payload  consisting  of  bead  thermistor  atmospheric  and  balloon-skin 
temperature  sensors,  thermal  conductivity  pressure  gage,  a forward-scattering  beta- 
ray  atmospheric  density  gage,  two  chemiluminescent  ozonesondes,  a Geiger  tube  cos- 
mic ray  detector,  and  an  accelerometer  for  the  determination  of  the  vertical  com- 
ponent of  balloon  acceleration.  Radar  position-time  data  served  to  determine  the 
wind  velocity. 

The  balloon  had  a material  thickness  of  0.45  mils  with  a corresponding  weight 
of  1533  pounds.  The  total  payload  weight  including  instrument  control  package  and 
radar  reflector  was  451  pounds,  which  included  228  pounds  of  ballast  and  a sensing 
payload  of  70  pounds.  When  fully  expanded  near  50  km  the  balloon  had  a mean  dia- 
meter of  442  feet  (134  m). 

The  atmospheric  sensing  instrument  payload  configuration  beneath  the  balloon 
was  essentially  the  same  as  that  shown  in  Figure  1.  Again  the  two  film-mounted 
spherical  bead  thermistor  temperature  sensors  were  mounted  on  hollow  glass  epoxy 
rods  which  extended  three  feet  below  the  instrument  frame.  A reel-down  mechanism 
was  placed  between  the  balloon  control  package  and  the  payload.  This  permitted 
the  separation  of  the  sensing  payload,  after  balloon  launching,  from  the  immediate 
vicinity  of  the  large  balloon.  Mechanical  considerations  limited  the  maximum 
distance  of  separation  between  the  lower  end  of  the  balloon  and  the  sensing  payload 
to  1056  feet  (320  m). 
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A 10  mil  spherical  bead  thermistor  was  attached  to  the  surface  of  the  balloon 
approximately  four  feet  from  the  periphery  of  the  apex  plate.  Balloon  skin  tempera- 
ture data  were  transmitted  to  a ground-based  receiver  by  a 1680  MHz  transmitter 
mounted  on  the  apex  plate  of  the  balloon. 

The  horizontal  projection  of  the  balloon  trajectory  is  shown  in  Figure  5.  A 
total  of  17  hours  and  34  minutes  of  atmospheric  data  was  obtained  between  the  time 
of  balloon  launching  at  2336  MST,  22  September  and  balloon  flight  termination  at 
1710  MST,  23  September  with  recorded  data  from  an  atmospheric  region  all  points  of 
which  were  within  200  km  of  the  launch  site.  The  balloon  reached  its  designed  float 
altitude  of  48.5  km  at  0545  MST,  23  September.  It  was  during  this  relatively  long 
ascent  period  of  six  hours  that  the  authors  first  learned  that  instruments  need  be 
extremely  well-insulated  to  survive  the  extremely  cold  temperatures  (-70°C  to  -40°C) 
created  by  the  environment  and  in  the  wake  of  a balloon  which  remained  at  a tempera- 
ture of  -55°C  until  it  was  heated  by  radiation  from  the  sun  after  the  time  of  sun- 
rise at  the  balloon  altitude. 


2.4  STRATCOM  II  Temperature  Measurements 

Of  the  many  interestinn  features  of  the  temperature  records  obtained  during 
this  flight  and  which  are  discussed  in  detail  in  the  above-listed  reference.  Fig- 
ures 6,  7 and  8 are  illustrative  of  items  for  consideration  when  making  accurate 
measurements  of  stratospheric  temperature  from  balloon-borne  instrument  payloads, 
or  drawing  conclusions  from  these  measurements  concerning  the  magnitude  of  the 
diurnal  tidal  temperature  variation. 

A comparison  among  the  temperature  records  of  Figure  6 obtained  from  the 
indicated  radiosonde,  rocket-sonde  and  balloon-borne  temperature  sensors  shows  the 
marked  effect  of  the  colder-than-atmosphere  balloon  surface  on  the  atmospheric 
temperature  sensors  following  upward  in  the  balloon  wake  during  the  time  of  ascent. 

Figure  7 presents  the  balloon  altitude  and  atmospheric  temperature  sensor 
records  as  functions  of  time  between  the  times  of  0600  and  1200  MST  when  the  bal- 
loon was  floating  between  the  altitudes  of  48  and  50  km.  It  shows,  after  the  time 
of  sunrise  at  the  balloon  altitude,  the  effect  of  the  now  warmer-than-atmosphere 
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balloon  on  the  indicated  atmospheric  temperature.  It  is  particularly  well  illus- 
trated between  the  times  of  0700  and  0800  when  the  sensing  payload  was  lowered  to 
a distance  of  320  meters  beneath  the  balloon.  Here  the  indicated  temperature  de- 
creased from  +19°C  to  0°C  with  the  balloon  altitude  remaining  constant  at  48.7  km 
during,  and  somewhat  after  the  time  of  payload  reel-down.  It  is  also  indicated 
immediately  after  0900  when,  due  to  ballast  release,  the  balloon  altitude  increased 
from  48.7  to  50.0  km.  The  temperature  sensor  320m  beneath  the  balloon  pulled  into 
the  wake  of  the  warmer-than-atmosphere  balloon  by  the  1.3  km  increase  in  altitude. 
This  is  evidenced  by  an  apparent  increase  in  atmospheric  temperature  of  +10°C.  The 
indicated  air  temperature  then  decreased  to  +1°C  when  the  balloon  was  floating 
stably  at  50  km. 

Between  the  times  of  0920  and  0930  (Figure  7)  the  balloon  was  floating  at  an 
altitude  of  50  km.  The  air  temperatures  registered  by  the  balloon-borne  sensor  at 
these  times  were  +1°C  and  +3°C,  with  the  balloon  having  traversed  a horizontal  dis- 
tance of  approximately  5 km  in  this  10  minute  interval.  The  temperature  registered 
by  the  identical  0930  MST  rocketsonde  sensor,  at  an  altitude  of  50  km  (Figure  6), 
but  at  a space  point  approximately  100  km  from  the  balloon-borne  sensor,  was  0°C. 

Figure  8 presents,  somewhat  compressed  in  time,  the  balloon  altitude  and  meas- 
ured temperatures  at  points  320  m beneath  the  lower  end  of  the  balloon  in  the  period 
0800-1700  MST.  To  determine  the  magnitude  of  the  diurnal  temperature  variation,  a 
constant  altitude  line  at  48.7  km  was  drawn  cn  the  balloon  altitude  vs  time  data, 
between  the  times  of  0800,  when  the  instrument  package  reel-down  was  complete,  and 
1330  when  the  balloon  began  its  monotonic  descent.  This  established  that  the  bal- 
loon was  at  48.7  km  (±100m)  at  the  times  0800-0900,  1040,  and  1130-1330.  Between 
the  times  0800-0900  the  measured  atmospheric  temperature  was  sliahtly  variable  at 
0°C,  at  1040,  1130,  and  1150  it  was  +7°C. 

To  this  point,  the  magnitude  of  the  diurnal  temperature  variation  would  appear 
to  have  been  indicated.  Unfortunately,  between  the  times  of  1150  and  1205  the  indi- 
cated air  temperature  decreased  from  +7°C  to  -2°C.  This  decrease  was  followed  by  a 
sharp  increase  to  +8°C  at  1215  and  a sharp  decrease  to  0°C  at  1230.  From  1230-1330 
the  temperature  was  slightly  variable  at  +1°C. 

Based  upon  the  temperature  data  obtained  during  the  STRATC0M  II  experiment  it 
was  concluded  that  accurate  measurements  of  atmospheric  temperature  could  be  obtained 
from  instruments  supported  by  large  balloons  provided  provisions  were  made  for  an 
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adequate  separation  between  the  temperature  sensor  and  the  balloon  above  it.  In 
this  case  a distance  of  320  meters  was  sufficient,  relative  to  a balloon  having  a 
diameter  of  127  meters.  In  addition  it  was  established  that  erroneous  atmospheric 
temperature  would  be  registered  by  the  temperature  sensors  below  the  balloon,  if 
the  sensors  were  following  upward  in  the  balloon  wake  and  the  balloon  was  at  a tem- 
perature different  than  that  of  the  atmosphere.  This  conclusion  was  possible 
through  having  a knowledge  of  the  balloon  skin  temperature. 

It  was  noted  that  during  the  time  period  of  this  experiment  that  the  atmos- 
pheric horizontal  temperature  variability  at  48.7  km  was  quite  large  with  a maximum 
horizontal  temperature  gradient  of  l°C/km  being  observed.  This  variability  was 
particularly  evident  when  the  balloon  was  in  the  proximity  or  over  mountainous 
terrain  on  the  earth's  surface. 

Because  of  this  horizontal  temperature  variability,  no  defini-a  conclusion  was 
drawn  concerning  the  magnitude  of  the  diurnal  temperature  variation  to  be  associated 
with  the  thermal  tide;  however,  it  was  established  that  there  was  a temperature  in- 
crease in  the  tidal l.v-driv^n  air  parcel  at  48.7  km  of  +7°C  between  the  times  of  0800 
and  1150  MST  when  the  balloon  was  first  moved  southward  and  then  northward  over 
identical  non-mountainous  terrain  (Figure  5). 

/ 

/ 

2.5  STRATCOM  III  Kxperimrnl  Description  | Itallarcl  and  Hudson,  1973  | 

Funding  difficulties  and  management  policies  prevented  the  continuation  of  the 
STRATCOM  balloon-borne  experiments  in  1970  and  1971;  however,  by  1972  these  problems 
had  dissolved  and  balloon  technology  deemed  it  feasible  to  launch  to  an  altitude  of 
50  km  a sensing  payload  of  250  pounds.  Thus,  a cooperative  experiment  was  conducted 
in  1972  by  ASL,  AFGL,  SLA,  with  contract  support  from  UTEP,  the  Ionospheric  Research 
Laboratory  of  Pennsylvania  State  University,  Panametrics,  Inc.,  and  Winzen  Industries 
Inc. 


A 38  million  cubic  foot,  zero  pressure,  polyethelene  balloon  was  launched  from 
Holloman  Air  Force  8ase  on  18  September  1972  at  0304  MST.  It  carried  to  a peak  alti- 
tude of  48.7  km  an  atmospheric  parameter  sensing  payload  of  250  pounds  consisting  of 
uv  filter  photometer,  cryogenical ly  pumped  mass  spectrometer,  atmospheric  sampler, 
pressure  gages,  cosmic  ray  detector  and, aluminum  oxide  water  vapor  sensors.  Film- 
mounted  spherical  bead  thermistors  agajn  served  as  the  temperature  sensors. 
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In  addition,  magnetometer,  pendulum  and  temperature  sensors  were  utilized  to 
determine  the  orientation  and  instrument  frame  temperature  of  the  principal  payload, 
which  was  reeled  downward  a distance  of  1200  feet  (390  m)  beneath  the  balloon  as  the 
balloon  passed  its  23  km  altitude. 

A secondary  payload  consisting  of  aluminum  oxide  water  vapor  sensor  and  balloon- 
skin  temperature  sensor  was  mounted  on  the  apex  plate  at  the  top  of  the  balloon. 

Figure  9 is  a photograph  of  the  principal  payload  just  prior  to  the  time  of 
launching.  Figure  10  is  a photograph  of  the  payload  at  the  top  of  the  balloon  while 
Figure  11  shows  the  balloon  and  principal  payload  at  its  float  altitude  near  48.5  km 
with  the  payload  suspended  390n  beneath  the  balloon.  The  vertical  and  horizontal 
component  trajectories  are  shown  in  Figures  12  and  13,  respectively. 

The  objectives  of  the  experiment  were  to  measure  the  detailed  time  and  space 
variations  (40-50  km)  in  atmospheric  composition  and  the  related  variations  in  the 
meteorological  parameters  of  temperature,  pressure  and  density  at  times  of  darkness, 
sunrise  and  daylight,  the  sunrise  and  daylight  variations  to  be  related  to  the 
measured  uv  solar  flux.  Implicit  in  these  objectives  was  the  determination  of  the 
diurnal  tidal  temperature  variation. 

2.6  STRATCOM  III  Temperature  Measurement;.  | Italian!  et  al,  I974| 

In  Figure  9,  of  the  seven  cylindrical  rods  extending  below  the  top  of  the 
vehicle  in  the  photograph  background,  counting  from  left  to  right,  rods  three  and 
six  served  as  mountings  for  the  temperature  sensors. 

Although  film-mounted  bead  thermistor  sensors  had  been  mounted  in  a t>.o 
thermistor  configuration  for  the  STRATCOM  I and  STRATCOM  II  Experiments  so  as  to 
have  redundant  measurements , no  attempt  had  been  made  to  determine  the  atmospheric 
temperature  from  the  temperature  records  except  during  the  times  the  thermistors  and 
their  mountings  were  completely  shielded  from  direct  solar  radiation.  For  mid- 
September  this  total  shielding,  for  the  thermistor  configuration  utilized,  begins 
at  0800  MST  at  an  altitude  of  50  km  over  WSMR  and  persists  until  approximately  1600 
MST. 


To  overcome  this  difficulty  on  the  STRATCOM  III  flight,  the  thermistors  and 
their  thin-film  mountings  were  arranged  as  shown  in  Figure  14.  It  shows  the 
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orientation  of  the  film  mounts  relative  to  one  another  as  they  were  suspended  on 
the  balloon-borne  instrument  platform.  When  solar  radiation  was  incident  in  a 
direction  which  was  perpendicular  to  the  plane  of  one  film,  then  the  direction  of 
the  incident  solar  rays  were  parallel  to  the  second  film.  The  argument  was  made 
that  if  the  payload  platform  rotated  during  the  balloon  flight,  there  would  come  a 
time  when  the  above  condition  of  perpendicular  and  parallel  incident  rays  relative 
to  the  two  film  surfaces  would  exist  and  the  maximum  difference  in  temperatures 
recorded  at  this  time  by  the  two  identical  sensors  would  be  an  experimental  deter- 
mination of  the  maximum  solar  radiation  correction  to  the  temperatures  recorded 
by  the  film-mounted  thermistors. 

I 

Figure  15  (a  and  b)  is  an  expanded-in-time  section  of  the  temperature  record 
, obtained  during  the  flight  between  the  times  0559  and  0607  MST,  18  September  1972. 

Figure  16b  is  the  time-shared  record  of  Figure  15a  with  the  dashed  times  indicating 
the  temperatures  that  were  being  sensed  by  thermistors  Bx  and  B2  in  the  time  in- 
tervals when  their  data  were  not  recorded.  Reference  to  Figure  14  (as  related  to 
Figure  15b)  concerning  the  relative  orientation  of  the  thermistor  film  mounts  indi- 
cates that  the  plane  of  film  Bi  was  perpendicular  to  the  direction  of  incident  solar 
♦ radiation  at  0604  while  the  plane  of  film  B2  was  parallel  to  this  direction.  It  was 

at  approximately  0604  that  the  maximum  difference  of  12°C  between  the  temperatures 
recorded  by  sensors  Bi  and  B2  occurred,  thus  implying  that  the  solar  elevation  angle 
at  48  km  (the  altitude  of  the  thermistor  sensors)  was  zero  degrees  at  0604  and  that 
. 12°C  was  the  maximum  solar  radiation  correction  to  the  temperatures  recorded  by 

either  one  of  the  sensors  at  that  altitude.  Figure  15b  also  shows  that  the  rotation 
period  of  the  sensors  on  the  principal  payloads  was  3 minutes  and  48  seconds  at  times 
near  0604.  The  rotation  of  the  principal  payload  relative  to  the  earth's  magnetic 
. field,  as  determined  by  the  on-board  magnetometer,  was  also  3 minutes,  48  seconds 

during  this  time.  The  planes  of  the  thermistor  film  mounts  were  established  to  be 
vertical  from  the  payload  pendulum  data. 
i 

Thus,  the  shape  of  the  continuous  temperature  records  for  sensors  Bi  and  B2 

gives  the  orientation  of  the  two  sensor  mounts  relative  to  the  direction  of  incident 
solar  radiations.  Minimum  points  on  the  temperature  traces  indicate  the  times  the 
solar  radiation  correction  is  zero,  with  the  recorded  temperature  representing  the 
j actual  air  temperature  (all  other  corrections  being  negligible).  This,  coupled  with 

the  aforementioned  complete  shading  of  the  sensors  from  direct  solar  radiation,  per- 
mits the  accurate  determination  of  atmospheric  temperature  through  all  phases  of  the 
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flight  without  having  to  resort  to  theoretical  corrections  to  the  observed  tempera- 
tures. The  experimental  considerations  summarized  briefly  here,  as  well  as  the 
theoretical  calculations  of  heat  transfer  related  to  them,  are  presented  in  detail 
in  the  above-referenced  publications  concerning  the  STRATCOM  III  experiment. 

Specifically,  an  examination  of  the  photographs  of  the  film-mounted  thermistors  (Figure  14) 
shows  that  sensors  B-j  and  B2  both  became  totally  shaded  from  directly  incident  solar  radiation  when 
the  solar  zenith  angle  exceeded  +27°.  A zenith  angle  of  +27°  occurred  at  an  altitude  of  48  km  on 
18  September  1972  over  WSMR  at  0757;  thus  the  temperatures  recorded  by  both  sensors  were  indepen- 
dent of  directly  incident  solar  radiation  after  0757. 


< 
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Figure  16  presents  the  directly  recorded  temperatures  from  sensors  Bi  and  B2 
from  the  time  of  balloon  launching  at  0304  MST  to  the  time  of  loss  of  signal  at 
0905  MST  (-15  km)  from  the  principal  payload  which  was  floating  downward  on  a 
parachute  after  flight  termination  at  0845  MST.  Also  depicted  in  the  figure  is  the 
balloon-skin  temperature  as  a function  of  time  as  measured  by  the  thermistor  attached 
to  the  balloon  surface  near  the  top  of  the  balloon. 

From  the  considerations  discussed  above,  as  related  to  temperature  sensor 
orientation  toward,  and  shielding  from,  directly  incident  solar  radiation,  Figure  17 
presents  the  atmospheric  temperature  vs  time  data  derived  from  the  data  of  Figure  16. 
It  shows  that  while  the  balloon  was  floating  stably  near  48.5  km,  with  the  tempera- 
ture sensors  near  48.1  km,  the  air  temperature  was  -7.0°C  at  0600,  -4.0°C  at  0700, 

-3. 0°C  at  0800,  -1.5°C  at  0815  and  +1.0°C  at  0830  and  0.0°C  at  0845.  The  total 
atmospheric  temperature  change  from  0600  to  0845  MST,  at  an  altitude  of  48.1  km 
would  thus  be  approximately  +7°C,  with  all  stated  temperatures  calculated  to  be  cor- 
rect within  ±1°C.  This  balloon-borne  temperature  sensor  determination  of  the  tempera- 
ture change  of  +7°C,  that  occurred  during  the  STRATCOM  III  experiment  within  a period 
of  approximately  three  hours  in  an  air  parcel  at  48  km  that  was  transporting  the 
balloon,  again  implies  at  least  partial  agreement  with  the  rocket-borne  sensor  deter- 
mination of  a temperature  change  of  +15°C  (minimum  to  maximum)  occurring  within  a 24 
hour  period  in  an  air  parcel  at  50  km.  [Beyers  and  Meyers,  1965]  [Hoxit  and  Henry, 
1972]. 

2.7  STRATCOM  IV  F.\ penmenl  Dpscription 

In  early  1973,  Bell  Laboratories,  through  their  relationship  with  SLA,  became 
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associated  with  the  STRATCOM  Program.  On  20  October  1973,  after  ten  months  of  in- 
tensive preparation  by  personnel  from  Bell  Laboratories  and  personnel  from  the 
same  organizations  listed  above  as  participating  in  the  STRATCOM  III  experiment,  the 
STRATCOM  IV  balloon-borne  experiment  was  launched  from  the  National  Center  for  Atmos- 
pheric Research  (NCAR),  Balloon  Facility  at  Palestine,  Texas  (32°N,  97°W)  at  0348 
CST  aboard  a 6.7  million  cubic  foot  balloon.  The  balloon  and  instrument  system, 
helium,  parachute,  rigging  and  ballast  gave  a total  system  weight  of  8,868  pounds 
for  this  fourth  experiment  in  the  STRATCOM  series.  The  payload,  which  was  suspended 
immediately  beneath  the  balloon  after  launching,  is  shown  in  Figure  18. 

A study  of  Figure  18  shows  that  this  principal  payload  was  fabricated  as  a two 
tier  system.  The  upper  tier  consisted  of  the  same  instruments,  arranged  in  gener- 
ally the  same  configuration  as  for, the  STRATCOM  III  flight.  This  portion  of  the  pay- 
load  again  weighed  approximately  250  pounds.  Forming  the  lower  tier  of  this  payload 
was  the  opto-acoustic  laser  system  of  Bell  Laboratories  which  weighed  approximately 
4800  pounds,  giving  a total  payload  weight  beneath  the  balloon  of  approximately  5000 
pounds,  and  thus  prohibiting  further  separation  of  the  payload  from  the  balloon  on 
a reel-down  mechanism  after  the  time  of  balloon  launching. 

A secondary  payload  was  positioned  on  the  apex  plate  of  the  balloon.  It  con- 
sisted of  two  thermistor  sensors  for  the  determination  of  balloon-skin  temperature, 
a thermistor  atmospheric  temperature  sensor  and  an  aluminum  oxide  water  vapor  sensor. 

After  launching,  the  balloon  ascended  at  an  average  rate  of  790  feet/minute, 
reaching  its  maximum  altitude  of  28  km  at  0558  CST.  The  balloon  is  believed  to  have 
floated  near  this  altitude  for  the  duration  of  the  flight  with  balloon  flight  ter- 
mination occurring  at  2015  CDT  over  Geiger,  Alabama;  the  balloon  thus  followed  a 
horizontal  trajectory  such  that  at  the  time  of  flight  termination,  the  balloon  and 
instrument  package  were  480  miles  east  of  the  launch  site. 

2.8  STRATCOM  IV  Temperature  Measurements 

In  anticipation  that  some  difficulty  would  be  experienced  in  attemptina  to 
measure  the  ambient  atmospheric  temperature  in  the  presence  of  the  massive  steel 
housing  of  the  opto-acoustic  laser,  two  groups  of  film-mounted  thermistors  (two 
sensors  in  each  group)  were  mounted  in- the  same  configuration  as  shown  in  Figure  14 
for  the  STRATCOM  III  experiment.  The  location  of  the  two  groups  of  thermistor  sensors 
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can  be  seen  in  Figure  18.  One  group  was  suspended  from  the  circular  ring  above  the 
laser  system  housing  while  the  second  identical  group  was  reeled  downward  to  a dis- 
tance slightly  below  the  laser  system  at  the  time  the  balloon  and  payload  passed 
through  the  3 km  altitude  during  ascent. 

Figure  19  presents  the  balloon  altitude,  reeled-down  sensor  temperature  T , 
platform  sensor  temperature  Tp  and  the  balloon-skin  temperature  as  functions  of 
time,  from  the  time  of  balloon  launching  at  0348  CST  to  1600  CST,  the  time  of  loss 
of  the  transmitted  signal  from  the  payloads.  Recall  that  the  payload  was  suspended 
by  a parachute  approximately  100  feet  beneath  the  150-foot  diameter  balloon.  No 
radar  nor  pressure-altitude  data  were  available.  The  constant  balloon  altitude  indi- 
cated in  Figure  19  is  highly  approximate.  A detailed  analysis  of  the  corresponding 
temperature  records,  with  due  consideration  being  given  to  the  sensor  locations,  indi- 
cates the  times  at  which  the  vertical  motions  of  the  balloon  were  sufficient  to  pro- 
duce large  changes  in  the  recorded  temperatures,  the  changes  produced  by  the  motion 
of  the  sensors  into  and  out  of  the  wake  of  the  relative  large  and  massive  metal  payload 
which  was  at  a temperature  much  higher  than  the  temperature  of  the  balloon  and  the 
ambient  atmosphere. 

In  summary,  the  erratic  nature  of  the  recorded  temperatures  shows  the  pertur- 
bations produced  in  the  ambient  atmospheric  temperature  near  28  km  by  the  proximity 
of  the  sensors  to  large  balloon  and  massive  payload.  No  new  useful  information  was 
gained  from  the  STRATC0M  IV  experiment  concerning  the  temperature  structure  of  the 
stratosphere  and  its  variation. 

2.9  STRATCOM  V Experiment  Description 

The  fifth  in  the  series  of  STRATCOM  payloads  was  launched  on  22  May  1974  on  a 
6.7  million  cubic  foot  balloon  fjfom  Holloman  AFB,  New  Mexico.  This  experiment  was 
again  a cooperative  research  effort  conducted  jointly  among  ASL,  SLA,  the  Aerospace 
Instrumentation  Division  of  AFGL,  with  contract  support  from  UTEP  and  Panametrics, 

Inc.,  of  Waltham,  Massachusetts,  and  Winzen  Industries,  Inc.  Also  participating 
were  the  Ionosphere  Research  Laboratory  of  Pennsylvania  State  University,  the  Meteo- 
rological Branch  of  the  Air  Force  Weapons  Laboratories,  Kirtland  Air  Force  Base,  New 
Mexico,  and  Bell  Telephone  Laboratories. 

After  launching  at  0122  MST,  the  balloon  reached  an  altitude  of  24  km  at  0437 
MST,  the  time  of  sunrise  at  that  altitude.  After  sunrise,  it  rose  to  its  designed 
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float  altitude  of  28  km  at  0526  MST.  It  slowly  descended  throughout  the  day,  reaching 
22.4  km  at  1934  MST,  the  time  of  sunset  at  that  altitude. 

After  sunset,  the  balloon  continued  to  slowly  descend.  The  decision  was  made 
to  terminate  the  balloon  flight  at  0050,  23  May,  with  the  balloon  and  payload  reaching 
the  earth's  surface  on  WSMR.  Approximately  22  hours  of  telemetered  data  were  recorded 
by  receiving  stations  at  WSMR,  Holloman  AFB,  and  Globe,  Arizona.  The  horizontal  and 
vertical  components  of  the  balloon  and  payload  trajectory  are  depicted  in  Figure  20. 

The  objective  of  the  STRATC0M  V experiment  was  to  determine  simultaneously  the 
incident  solar  uv  radiation,  atmospheric  composition,  atmospheric  thermal  flow  and 
charged  particle  structure,  cosmic  radiation  levels,  and  aerosol  layers  as  they  varied 
in  time  and  space.  To  accomplsih  this  objective,  the  atmospheric  sensing  payload  con- 
sisted of  uv  spectrometer,  water  vapor,  ozone  and  nitric  oxide  sensors,  bead  thermistor 
temperature  sensors,  cameras  to  photograph  falling  chaff  and  small  spheres,  three 
component  anemometer  for  the  determination  of  air  flow  relative  to  the  balloon,  radar 
reflector  for  the  determination  of  wind  speeds  from  the  radar  track  of  the  balloon, 
atmospheric  turbulence  sensor,  positive  ion  and  Gerdien  condensor  probes,  cosmic  ray 
sensor,  and  cameras  to  photograph  aerosol  layers.  The  combined  atmospheric  parameter 
sensing  payload  and  balloon  control  package  resulted  in  an  instrument  weight  of  6300 
pounds.  The  principal  payload  beneath  the  balloon  is  shown  in  the  photograph  of 
Figure  21.  In  addition,  an  instrument  package  on  the  apex  plate  of  the  balloon  served 
to  determine  and  telemeter  to  ground-based  receivers  the  balloon-skin  temperature. 


2.IO  STKATdOM  V Temperature  Measurements 

The  similarity  in  the  configuration  of  the  STRATC0M  IV  and  STRATC0M  V payloads 
is  quite  noticeable.  Again,  as  in  the  STRATCOM  IV  experiment,  the  opta-acoustic 
laser  system  of  Bell  Laboratories,  which  was  housed  in  the  modified  massive  metal 
shell  shown  in  Figure  21  and  tuned  to  measure  stratospheric  nitric  oxide  and  ozone 
concentrations,  accounted  for  most  of  the  6300  pounds  of  payload  weight  beneath  the 
balloon.  The  weight  of  this  magnitude  again  precluded  reel-down  of  the  instrument 
package  from  the  balloon  so  as  to  minimize  the  thermal  and  composition  contamination 
of  the  atmospheric  region  in  which  the  sensors  were  located. 

Anticipating  that  difficulty  would  aoain  be  experienced  with  this  configuration 
in  measuring  the  ambient  atmospheric  temperature,  two  coupled  pairs  of  film-mounted 
spherical  bead  thermistors  were  mounted,  as  for  STRATCOM  IV,  on  the  principal  payload. 
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One  pair  was  mounted  permanently  on  the  circular  ring  shown  in  Figure  21  while  the 
other  pair  was  mounted  on  the  circular  ring  in  a configuration  which  permitted  reel- 
down  of  the  temperature  sensors  after  the  balloon  and  payload  were  launched.  In 
this  case,  the  temperature  sensors  extended  approximately  15  feet  below  the  lower 
extremity  of  the  principal  payload  after  reel-down. 

Figure  22  presents  the  altitude  of  the  payload  and  the  corresponding  tempera- 
tures Tr>  Tp  and  Tg  recorded  by  the  reeled-down  sensor,  platform  sensor  and  balloon 
skin  sensor,  respectively,  all  as  functions  of  time. 

A study  of  the  records  of  the  atmospheric  temperature  sensors  leads  to  in- 
teresting speculations  concerning  the  measured  temperatures  as  related  to  small 
vertical  motions,  and/or  payload  rotations  which  would  produce  the  marked  and 
abrupt  changes  observed;  however,  the  characteristics  of  the  record  are  such  that, 
for  the  second  time,  no  additional  useful  information  was  gained  from  the  experiment 
concerning  the  actual  temperature  structure  of  this  atmospheric  reaion  and  its 
variation  with  time.  This  again  is  attributed  to  the  close  proximity  of  the  tem- 
perature sensors  to  the  massive  payload  and  large  balloon. 

2.1  I STRATCOM  \ I F.x  per  linen  I Description 

The  STRATCOM  Vl-b  payload,  lifted  on  26  September  by  a 2.9  million  cubic-foot 
balloon  to  an  altitude  of  30  km,  was  devoted  to  making  specific  measurements  of  the 
concentrations  of  CFCL3  and  CF2CL2  in  the  stratosphere.  The  results  of  the  experi- 
ment have  been  reported  elsewhere  (Fosters  et  al . , 1975). 

The  STRATCOM  Vl-a  balloon  supported  an  atmospheric  sensino  payload  weight  of 
1180  pounds  consisting  of  29  instruments  to  make  simultaneous  measurements  of  solar 
uv  flux,  atmospheric  composition  and  thermodynamic  structure  in  the  27-40  km  atmos- 
pheric height  interval.  The  15.6  million  cubic  foot  (diameter  347  ft)  balloon  was 
launched  at  2257  MST,  23  September  1975.  It  reached  its  initial  float  altitude  of 
38.5  at  0300  MST  on  24  September.  The  various  instruments  were  activated  intermit- 
tently during  ascent,  and  then  continuously  for  a period  extending  from  one  hour  be- 
fore to  one  hour  after  sunrise  at  38.5  km  (0529  MST).  Periodic  measurements  were 
made  near  38.5  km  and  during  a slow  descent  which  was  initiated  at  1100  MST.  A 
two-hour  period  of  continuous  measurements  was  conducted  near  27  km  through  the 
time  of  sunset  (0628  MST)  at  that  altitude.  Sufficient  ballast  was  then  released 
to  bring  about  a slow  ascent,  the  balloon  reaching  an  altitude  of  36  km  at  0200  MST, 
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25  September.  It  then  floated  at  36  km  until  the  time  of  sunrise  (0542  MST).  The 
balloon  and  payloads  then  rose  abruptly  to  39.7  km,  reaching  this  altitude  at  0812 
MST.  All  instruments  were  activated  prior  to  the  time  of  sunrise  and  made  continuous 
measurements  between  the  altitudes  of  36.0  and  39.7  km.  These  measurements  were 
continued  at  39.7  km  until  0900  MST  when  the  principal  payload  was  separated  from 
the  balloon  and  floated  downward  on  a parachute,  reaching  the  earth's  surface  at 
0935.  Thus  33  hours  and  38  minutes  of  atmospheric  data  were  obtained  between  the 
altitudes  of  2.0  and  39.7  km  during  the  STRATCOM  Vl-a  experiment. 

A coupled  pair  of  film-mounted  thermistors  again  served  as  the  temperature 
sensors  aboard  the  principal  payload  beneath  the  balloon.  The  payload  is  shown  just 
prior  to  the  time  of  launching  in  Figure  23.  It  was  reeled  downward  a distance  of 
650  feet  beneath  the  balloon  shortly  after  the  balloon  was  launched.  Again,  a 
secondary  payload  was  attached  to  the  apex  plate  of  the  balloon  and  is  shewn  in 
Figure  24.  Spherical  bead  thermistors  attached  to  the  balloon-skin  served  to  meas- 
ure this  temperature  during  the  flight.  The  horizontal  trajectory  of  the  balloon 
is  shown  in  Figure  25. 

2.12  STRATCOM  Vl-a  Temperature  Measurements 

The  balloon  altitude  vs  time,  corresponding  to  the  horizontal  trajectory  of 
Figure  25,  is  presented  in  Figure  26.  The  atmospheric  temperature  and  balloon-skin 
temperature  are  also  presented  as  functions  of  time.  The  balloon-skin  temperature 
measurement,  after  1100  MST,  was  not  transmitted  to  the  ground-based  receiver  due 
to  depletion  of  battery  power  by  the  instrument  on  the  apex  plate.  Excessive  use 
of  heaters  at  the  extremely  low  temperature  of  -54°C  in  the  period  2400  to  0600 
(Figure  26),  produced  this  instrument  failure. 

With  the  payload  separated  from  the  base  of  the  balloon  by  a distance  of  650 
feet,  many  of  the  characteristics  of  the  temperature  records  which  were  obtained  in 
the  5-38  km  interval  (2300-0600  MST,  Figure  26)  are  similar  to  the  temperature  vs 
time  record  of  Figure  17,  for  the  STRATCOM  III  experiment  of  September  1972.  In 
ascending,  during  the  night  time  hours,  the  atmospheric  and  balloon-skin  temperature 
approached  the  tropopause  temperature  of  -72°C  (17.5  km).  After  passing  through 
the  tropopause,  the  balloon-skin  temperature  came  to  -54°C  and  remained  near  this 
temperature  until  the  time  of  visible  sunrise  at  the  balloon  altitude. 
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With  the  balloon  floating  at  38.5  km,  the  atmospheric  temperature  recorded  by 
the  sensors  on  the  principal  payload  beneath  the  balloon  registered  -34°C  at  0400 
MST.  After  the  time  of  sunrise,  with  the  balloon  remaining  at  an  altitude  of  38.5 
km,  the  atmospheric  temperature  increased  rapidly  until  1100  when  the  sensors  re- 
gistered -22°C  a temperature  increase  of  12°C  in  the  period  0400-1100  MST.  In  the 
same  time  interval,  the  balloon-skin  temperature  increased  from  -54°C  to  +5°C, 
becoming  24°C  warmer  than  the  surrounding  atmospheric  temperature. 

The  temperature  between  1100  MST,  24  September  and  0400,  25  September,  corres- 
ponding to  the  indicated  altitude  profiles  of  the  balloon,  is  as  represented  in 
Figure  26. 

At  0400,  25  September,  the  balloon  was  floating  at  36.0  km  with  an  atmospheric 
temperature  of  -33°C  being  registered  by  the  sensors.  At  0900,  with  the  balloon  now 
floating  at  39.7  km,  the  recorded  air  temperatures  had  increased  to  -24°C.  From  the 
1962  standard  atmosphere,  the  temperature  gradient  in  the  36-40  km  interval  is  +3°C/km. 
The  change  in  altitude  of  approximately  4 km  thus  precludes  any  conclusion  concerning 
the  temperature  change  at  36  km  in  the  time  interval  0400-0900,  25  September;  however, 
when  the  payload  was  descending  on  its  parachute,  after  separation  from  the  balloon 
at  0900,  the  temperature  recorded  at  36  km  by  the  film-mounted  thermistor  atmospheric 
temperature  sensors  suspended  below  the  payload  was  -31°C.  The  descent  rate  of  the 
parachute  and  payload  at  36  km  was  62  m/sec.  The  aerodynamic  heating  term  and  dis- 
sipation factor  in  the  heat  transfer  equation  for  the  film-mounted  spherical  bead 
thermistors  (Ballard  and  Rofe,  1969)  are  of  such  values  so  as  to  give  an  aerodynamic 
heating  correction  to  the  observed  temperature  at  36  km  of  -1.5°C,  while  descending 
at  the  indicated  speed. 

Thus  the  temperature  change  at  36  km  registered  on  25  September  by  the  tem- 
perature sensors,  first  floating  on  the  balloon  at  0400  and  then  descending  in  the 
parachute  at  0900+1  minute,  is  essentially  zero. 

A comparison  of  results  obtained  on  24  September  at  38.5  km  (the  change  in 
temperature  equal  to  +12°C  in  the  period  0400-1200)  with  the  results  obtained  at  36 
km  on  25  September  (the  change  in  temperature  being  essentially  zero  in  the  period 
0400-0900)  indicates  that  the  results  are  not  systematically  repetitive  on  two  suc- 
cessive days. 

Identical  rocketsonde  temperature  sensors  were  launched  in  support  of  the 
balloon  experiment.  Two  of  interest  were  launched  at  0500  MST,  24  September 


and  1010  MST,  25  September.  The  temperature  measured  by  the  0500  rocketborne  sensor 
at  38.5  km  was  -33.5°C  while  the  balloon-borne  sensor  measured  -34.0°C  at  38.5  km 
at  0400.  A temperature  of  -26.0°C  was  measured  by  the  1010  rocket-borne  sensor  at 
an  altitude  of  40  km,  while  the  balloon-borne  sensor  measured  -24.0°C  at  0900  at 
39.7  km.  The  1010  rocket-borne  sensor  registered  -32.2°C  at  36  km,  while  as  indi- 
cated above,  the  temperature  sensor  floating  downward  on  the  parachute  measured 
-32.5°C  at  36  km.  These  data  serve  to  indicate  the  excellent  agreement  between  the 
temperatures  measured  by  the  rocket-borne  and  balloon-borne  sensors. 


3.  COMPARISON  OK  BALLOON-SKIN  TEMPERATURE  MEASUREMENTS 

A comparison  of  Figure  19,  which  gives  the  balloon-skin  temperature  T$  as  a 
function  of  time  for  STRATC0M  IV,  with  Figure  22,  which  gives  corresponding  informa- 
tion for  STRATC0M  V,  shows  substantial  differences  between  the  temperature  records  of 
the  two  balloon  surfaces. 

As  particular  points  for  comparison  consider  1200  CST  when  the  STRATCOM  IV 
balloon  was  floating  near  28  km  east  of  Palestine,  Texas,  in  October  1973.  The  bal- 
loon-skin temperature  was  -7°C.  At  1200  MST  in  May  1974,  with  the  STRATCOM  V balloon 
floating  at  28  km  over  WSMR,  New  Mexico,  the  balloon-skin  temperature  was  -25°C.  The 
atmospheric  temperature  in  each  case  was  approximately  -40°C.  The  two  balloons  were 
identical  in  size  and  construction  while  the  two  payloads  were  identical  in  general 
confi guration  and  dimensions. 

The  following  data  is  presented  as  a possible  argument  for  the 

differences  in  the  balloon-skin  temperatures  during  the  two  experiments: 

a.  The  surface  relative  humidity  at  the  time  of  balloon  launching  (0348  CST) 
at  Palestine,  Texas  was  95  percent  with  the  tropopause  being  at  an  altitude  of  16.4 
km  at  a temperature  of  approximately  -70°C. 

b.  The  surface  relative  humidity  at  the  time  of  balloon  launching  (0122  MST) 
from  Holloman  AFB,  New  Mexico,  was  16  percent  with  the  tropopause  located  at  an  alti- 
tude of  15.2  km  at  a temperature  of  approximately  -70°C. 

c.  At  1200  CST,  the  water  vapor  concentration,  as  measured  by  the  aluminum 
oxide  sensor  on  the  apex  plate  of  the  STRATCOM  IV  balloon  was  variable  around  1000 
ppmv  while  at  the  same  time  the  aluminum  oxide  sensor  on  the  principal  payload  re- 
gistered 500  ppmv.  It  is  noted  here  that  Patel  (1974)  reported  a measured  water  vapor 
concentration  of  1.5  ppmv  in  the  interval  1211  to  1218  CST,  as  determined  by  the 
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Raman  laser  housed  in  the  steel  shell  shown  in  Figure  18. 

d.  At  1200  MST,  the  water  vapor  concentration  measured  by  the  aluminum  oxide 
sensor  on  the  apex  plate  of  the  STRATCOM  V balloon  was  variable  around  10  ppmv.  The 
aluminum  oxide  sensor  on  the  principal  payload  registered  values  varying  between  55 
and  15  ppmv  at  this  time. 

e.  A maximum  value  of  9850  ppmv  occurred  at  0714  CST  for  STRATCOM  IV  while  a 
maximum  value  of  500  ppmv  was  registered  at  0700  MST  for  STRATCOM  V. 

These  data  indicate  that  the  concentration  of  water  vapor  surrounding  the  bal- 
loon surface  in  the  stratosphere  is  directly  related  to  the  concentration  of  water 
vapor  at  the  earth's  surface  at  the  time  of  launching. 

The  total  water  vapor  sensor  record  shows  that  the  water  becomes  strongly 
attached  to  the  balloon  surface  as  it  passes  through  the  cold  tropopause.  The  tempera- 
ture measurements  indicate  that  the  balloon  surface  then  remains  quite  cold  (-55°C) 
until  the  time  of  sunrise,  when  incident  radiation  from  the  sun  begins  to  heat  the 
balloon  surface.  As  the  balloon  surface  warms,  increasing  quantities  of  water  vapor 
are  desorbed  from  the  surface  and  form  an  envelope  surrounding  the  balloon.  The  con- 
centration in  the  envelope  reaches  a maximum  value  and  then  begins  to  decrease  with 
time,  the  time  required  to  reach  an  ambient  atmospheric  value  dependent  upon  the 
quantity  absorbed  on  the  surface  at  the  time  of  balloon  release. 

Thus  the  argument  is  proposed  that  infrared  energy  radiated  from  the  balloon 
surface  is  absorbed  by  an  envelope  of  water  vapor  surrounding  the  balloon  surface. 

The  degree  of  absorption  is  related  to  the  concentration  of  water  vapor  in  the  envelope 
As  the  radiation  is  absorbed  by  the  water  vapor,  converted  to  thermal  energy  and 
trapped  in  the  water  vapor  envelope,  the  maximum  temperature  measured  on  the  balloon 
surface  is  then  directly  related  to  water  vapor  concentration  surrounding  the  balloon 
and  the  incident  rate  of  deposition  of  solar  energy. 


4.  SI  MMARY 

A comparison  of  the  payload  photographs  of  Figure  one  and  Figure  23  demonstrates 
that  the  number,  type  and  complexity  of  measurements  conducted  during  the  STRATCOM  VI 
Experiment  of  1975  increased  significantly  from  those  made  during  the  STRATCOM  I Experi 
ment  of  1968.  The  STRATCOM  VI  payload  represents  the  combined  experience  and  expertise 
of  personnel  of  several  government  agencies  and  numerous  research  laboratories  and 
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and  organizations,  all  working  cooperatively  to  obtain  experimental  data  which  contri- 
bute to  an  understanding  of  the  interrelated  chemical,  charged  particle,  thermal  and 
hydrodynamic  processes  which  occur  in  the  complex  stratosphere. 


The  incentive  for  the  fabrication  of  such  a payload  had  its  origin  in  the  attempt 
to  understand  the  large  difference  which  originally  existed  between  the  observed  and 
theoretically  predicted  amplitude  of  the  diurnal  temperature  variation  in  the  strato- 
sphere. 

Based  upon  the  data  presented  in  this  report,  accurate  measurements  of  strato- 
sphere temperature  can  be  made  by  film-mounted  spherical  bead  thermistor  sensors 
aboard  balloon-borne  instrument  payloads,  provided  some  logical  precautions  are  taken. 

The  temperatures  recorded  by  these  sensors  are  influenced  by  the  presence  of 
the  large  balloon,  if  the  balloon  is  at  a temperature  different  than  that  of  the  sur- 
rounding atmosphere,  and  if  the  sensors  are  in  the  proximity  of  the  balloon. 


It  was  found  that  the  balloon  remains  much  colder  than  the  atmosphere,  after 
it  passes  through  the  tropopause,  when  it  is  launched  so  as  to  reach  its  float  alti- 
tude in  the  stratosphere  during  the  nighttime  hours.  After  the  time  of  sunrise,  the 
balloon  is  heated  by  incident  solar  radiation,  finally  reaching  temperatures  warmer 
than  the  surrounding  atmosphere. 


By  mounting  the  film-mounted  thermistors  in  the  configuration  described  in  the 
discussion  of  the  STRATCOM  III  experiment  and  by  separating  the  payload-mounted 
sensors  as  far  as  experimentally  practical  from  the  balloon  surface  (two  to  three 
balloon  diameters),  accurate  (±1°C)  measurements  of  atmospheric  temperature  can  be 
directly  made,  without  recourse  to  theoretical  corrections  to  the  observed  temperatures. 

The  attempts  to  establish  the  amplitude  of  the  temperature  variations  to  be 
associated  with  the  stratospheric  diurnal  tide,  as  determined  by  balloon-borne  tem- 
perature sensors  floating  generally  with  a specific  parcel  of  air,  are  not  entirely 
conclusive;  however,  the  results  described  as  related  to  the  STRATCOM  II,  III  and  VI 
experiments  indicate  that  the  range  of  the  variations  to  be  associated  with  this  tide 
within  the  40-50  km  altitude  interval,  lie  between  seven  and  12°C  and  are  highly 
variable  on  a day  to  day  basis. 
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In  conclusion,  based  upon  the  information  obtained  and  experience  gained  from 
the  six  STRATCOM  experiments,  it  is  advocated  that  temperature  measurements  be  made 
aboard  balloon-borne  experiments  related  to  the  composition  and  charged  particle 
structure  of  the  stratosphere.  In  addition  to  giving  background  data  for  temperature- 
dependent  experiments,  a close  examination  of  the  records  of  the  temperature  sensors 
can  serve  as  a tool  for  obtaining  detailed  information  concerning  the  balloon  and 
payload  behavior 
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Figure  2.  STRATCOM  I Horizontal  Trajectory  - September  1968 


106' 


105' 


104' 


SUNRISE  ON 
BALLOON 
0525| 

LAUNCH 
2336  fl 
22  SEPT  1 005/0 

0200 


1710-CUT  DOWN  _ 

41  Km  ARTESlA 


^CARLSBAD 


0 3 

SCALE  - NM 


4»p:«VAN  H0RN 

WSMR  RADAR  TRACK 


'6Sm££& MOUNTAINOUS  AREA  ABOVE  (2Km) 
# ALL  TIMES  MOUNTAIN  STANDARD  TIME 


Figure  5.  STRATCOM  II  Horizontal  Trajectory 
September  1969 
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Figure  6.  Rocketsonde,  Radiosonde  and  Balloon 
(STRATCOM  II)  Temperature  Sensor  Measurements 
tember  1969 
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Figure  7.  STRATCOM  II  Balloon  Altitude  and  Atmospheric  Temperature  as 
Functions  of  Time  (0600-1200)  - September  1969 


Figure  B.  STRATCOM  II  Balloon  Altitude  and  Atmospheric  Pressure, 
Density  and  Temperature  as  Functions  of  Time  (0800-1600)  September 
1969 
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Fiqure  9.  STRATCOM  III  Principal  Payload  - Se: ■:  > ■ ’ i . 


F i jure  11.  STRATCOM  III  Balloon  at  Float  Altitude 
September  1972.  Payload  1200  ft  beneath  balloon  (Rot 
visible  in  photogranh  reproduction) 
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Figure  12.  STRATCOM  III  Balloon  Horizontal  Trajectory  - September  1972 
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Figure  24.  STRATCOM  VI  Apex  Plate 
Package  - September  1975 
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Figure  25.  STRATCOM  Vl-a  Horizontal  Trajectory  - September  1975 
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Figure  26.  STRATCOM  VI  Balloon  Altitude,  Atmospheric  and 
Balloon-Skin  Temperatures  as  Functions  of  Time  - September  1975 
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24.  Modeling  of  the  Temperature  Wake  Surrounding  a High 
Altitude  Balloon  Research  Package,  and  Simulation  of  Its 
Radiometric  Effects,  for  the  Locate  Experiment 


Richard  E.  Davis,  Dewey  M.  Smith,  and  Richard  W.  Tyson 
NASA  Langley  Research  Center 
Hampton,  Virginia  23865 


Abstract 


The  importance  of  considering  and  estimating  the  temperature  "wake"  which  may 
envelop  a scientific  ba lloon-payload  ensemble  is  heightened  when  the  scientific  pay- 
load  contains  precision  infrared  radiometers  for  probing  the  atmosphere.  The  appar- 
ent atmospheric  temperature  field  probed  by  the  line  of  sight  of  a balloon-borne 
radiometer  may  be  regarded  as  the  superposition  of  a wake-caused  "near  field"  per- 
turbation upon  the  atmospheric  ambient  condition.  A general  modeling  of  temperature 
wakes  and  its  predictions  as  applied  to  the  LACATE  balloon  mission  of  May  5,  1974, 
are  reported  herein.  The  model  of  Kreith  (1971)  was  used  to  define  the  temperature 
differential  between  the  balloon  surface  and  the  ambient.  A NASA  flow-field  program, 
which  combines  potential  flow  and  laminar  boundary-layer  solutions  to  predict  the 
growth  and  the  point  of  separation  from  the  body  of  the  boundary  layer,  was  used  to 
determine  the  dimension  of  the  wake  along  the  radiometer's  line  of  sight.  The  tem- 
perature differential  was  then  superimposed  on  the  calculated  wake  to  complete  the 
model.  The  procedure  utilized  for  incorporating  the  predicted  wake  into  a numerical 
limb  radiance  synthesis  model  is  presented,  along  with  the  simulation  results  for 
both  day  and  night  portions  of  the  LACATE  balloon  mission. 
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I.  IM'KOIH  CHON 


It  has  been  recognized  for  some  Lime  that  temperature  measurements  performed 
in  the  vicinity  of  a rawinsonde  or  scientific  balloon  are  subject  to  errors  due  to 
cold  air  drainage  in  night  missions  or  to  reflected  solar  radiation  in  daylight 
missions.  Through  investigations  such  as  those  of  Ney , Maas,  and  Huch  (1961), 

Wagner  (1965),  Reynolds  and  Lamberth  (1966),  and  Reynolds  and  Wallis  (1970),  the 
concept  of  a temperature  wake  surrounding  a balloon-payload  ensemble  has  developed 
to  the  degree  that  balloon-borne  investigations  commonly  adopt  the  practice  of 
suspending  research  payloads  well  below  the  balloon  in  order  to  avoid  the  wake 
altogether.  The  existence  of  water  vapor  contamination,  resulting  from  desorption 
and  outgassing  from  balloon  and  payload,  has  also  been  addressed,  beginning  with  the 
direct  measurements  of  Sissenwine,  Grantham,  and  Salmela  (1965)  and  the  analytical 
efforts  of  Ballinger,  Koehler,  Fricke,  and  Murphy  (1964)  and  continuing  through  the 
absorption  measurements  of  Zander  (1966).  Through  these  investigations,  the  concept 
of  a water  vapor  wake  has  also  developed. 

Contamination  effects  from  such  temperature  and  moisture  wakes,  which  are 
important  in  the  correction  of  in-situ  measurements,  become  even  more  so  for  the 
correction  of  remote-sensing  measurements  employing  the  thermal  infrared  or  microwave 
regions  of  the  electromagnetic  spectrum.  In  this  class  of  measurements,  instruments 
may  "look  through"  an  appreciable  extent  of  the  temperature  or  water  vapor  wakes,  and 
the  temperature  and  moisture  values  deduced  for  the  atmospheric  ambient  may  be  in 
error,  if  the  wake  radiance  signature  effects  are  large  enough.  Thus,  for  remote- 
sensing measurements,  it  becomes  necessary  to  model  the  temperature  and  moisture 
distribution  along  the  line  of  sight  of  the  instrument  and  not  just  at  a point,  as  in 
the  in-situ  measurement  situation. 

The  impetus  for  the  research  reported  here  was  the  attempt  to  model  temperature 
and  water  vapor  wake  effects  for  the  LACATE  (Lower  Atmospheric  Composition  and 
Temperature  Experiment)  mission,  flown  from  White  Sands  Missile  Range,  New  Mexico,  on 
May  5,  1974,  and  reported  at  the  1974  AFCRL  Scientific  Balloon  Symposium  (Russell 
et  al.,  1974).  The  LACATE  payload  (a  10-channel  horizon  scanning  radiometer)  was 
carried  to  130,000  ft  (42.6  km)  altitude  aboard  a 45-million  cubic  ft  (1.3  million 
cubic  meter)  polyethylene  ("Stratof ilm")  balloon.  Based  on  wake  modeling  simulations 
performed  before  the  mission,  both  temperature  and  water  vapor  wakes  were  predicted 
to  be  detectable  but  not  of  overwhelming  magnitude  compared  to  the  radiance  signals 
from  the  atmospheric  ambient.  This  prediction,  together  with  the  desire  to  save  the 
weight  of  a payload  reel-down  mechanism,  and  for  payload  dynamics  reasons,  resulted 
in  a decision  not  to  reel  the  payload  down.  The  payload  was  suspended  100  ft 
(30.5  m)  below  the  neck  of  the  balloon;  at  float  altitude,  the  balloon  attained  a 
diameter  of  some  650  ft  (200  m) . More  detailed  calculations  following  the  mission 
again  predicted  a detectable  but  small  wake  radiance  signature.  The  temperature 
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wake  modeling  portion  of  this  effort,  and  its  predictions  for  the  LACATE  balloon 
mission,  form  the  substance  of  this  report. 
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2.  TKMPK.K  ATI  KK  N\  AKK  MO  UK.  I l)KV  KLOPMKNT 
2.1  Previous  Measurements  ami  Models 

2.1.1  MODEL  OF  NEY,  MAAS,  AND  HUCH  (1961) 

The  pioneer  investigation  of  wake  effects  on  the  in-situ  measurement  of  temper- 
ature from  floating  balloon  systems  is  that  of  Ney  at  al.  (1961).  They  recognized 
that  floating  balloons  generally  assume  temperatures  different  from  the  ambient 
atmosphere,  and  stated  that,  ".  . . when  there  is  no  relative  motion  to  break  up 
the  boundary  layers  caused  by  this  temperature  difference,  laminar  boundary  layers 
flow  up  and  down  the  sides  of  balloons,  suspensions,  and  gondolas  . . ."  Figures  1 
and  2 show  the  typical  situations  modeled  by  them  as  existing  at  float  pressures  of 

5 to  10  mb  for  day  and  night  situations,  respectively.  The  boundary  layers  at  night 
were  expected  to  result  in  a downward  flow  of  cold  air.  Ney  et  al.  estimated  that 
laminar  flow  might  exist  for  as  much  as  50  ft  (15.2  m)  before  giving  way  to  turbulent 
flow,  and  recognized  that  wind  shear  might  blow  the  boundary  layer  to  the  side,  as 
shown  in  Figure  1.  In  daytime,  due  to  solar  heating  of  the  balloon,  suspension  lines 
and  gondola,  the  boundary-layer  flow  was  expected  to  be  upward  at  these  float  alti- 
tudes, as  depicted  in  Figure  2.  Ney  et  al.  demonstrated  that  the  temperature  of  a 
floating  balloon  at  night  is  approximately  equal  to  the  temperature  of  a blackbody 
radiating  under  the  same  conditions  and  that  at  5 to  10  mb  float  altitudes  the 
balloon  would  warm  nearly  to  atmospheric  ambient  temperature  in  daytime.  They  also 
predicted  that  at  higher  altitudes,  where  the  air  temperature  was  higher,  the  balloon 
gas  would  be  cooler  than  ambient,  and  a cold  downwash  boundary  layer  would  exist, 
even  in  daylight  hours. 

In  a flight  of  a 60-ft  (18.3-m)  diameter  Mylar  balloon  to  5.5  mb  float  pressure 
altitude  (-35  km)  it  was  demonstrated  that  a thermistor  suspended  25  ft  (7.6  ra)  from 
the  balloon  registered  1 to  2°  C cooler  than  ambient  during  float;  one  suspended 
300  ft  (91.4  m)  was  at  ambient  condition.  In  another  flight  of  a similar  balloon  to 

6 mb  float,  thermistors  were  suspended  at  1,  5,  and  25  ft  (0.3,  1.5,  7.5  m) . At 
both  1 and  5 ft,  a depression  of  2°  C was  observed,  while  on  the  balloon  surface  a 
depression  of  10°  C was  observed.  Yet,  during  ascent,  the  thermistors  at  1,  5,  and 
25  ft  all  had  common  readings.  In  summary,  Ney  et  al.  concluded  that  on  rising  or 
descending  balloons  thermistors  should  be  placed  at  least  3 feet  away  from  the 
gondola  to  avoid  both  wake  and  gondola  effects.  They  also  concluded  that,  in  the 
float  condition,  thermometers  should  be  placed  at  least  3 feet  from  the  gondola  and 
suspended  150  feet  (45.7  m)  or  more  from  the  balloon,  to  avoid  these  effects. 


369 


2.1.2  MODEL  OF  WAGNER  (1965) 


Wagner  (1965)  performed  tests  with  scaled-down  models  ot  balloons  within  a 
liquid,  for  conditions  where  the  Grashoff  number  was  the  same  order  of  magnitude  as 
that  of  a medium-sized  balloon  at  high  altitude.  A visual  presentation  of  the  night 
drainage  wake  was  thus  obtained.  His  simulation  most  accurately  modeled  conditions 
representing  the  temperature  differential  between  the  surface  of  a Mylar  balloon  and 
the  ambient  temperature  and,  therefore,  is  a conservative  estimate  of  conditions 
surrounding  a polyethylene  balloon,  for  which  this  differential  is  smaller.  Wagner 
concluded  that  temperature  sensors  should  be  suspended  at  a distance  of  at  least 
2 to  3 balloon  diameters,  to  avoid  drainage  wake  effects.  (Therefore,  for  the  LACATE 
mission,  a suspension  length  of  some  1500  ft  (460  m)  would  be  recommended.) 

2.1.3  MODEL  OF  REYNOLDS  AND  WALLIS  (1970) 

Reynolds  and  Lamberth  (1966)  utilized  the  suspended  thermistor  technique 
recommended  by  Ney  et  al.  to  improve  the  measurement  of  ambient  temperature  from 
constant-level  balloons.  In  the  referenced  applications  rawinsondes  were  suspended 
4 ft  (1.22  m)  from  their  balloons;  this  resulted  in  ambient  temperatures  agreeing 
with  other  measurements  in  daytime  application.  However,  Reynolds  and  Lamberth  con- 
cluded that  the  simple  suspension  technique  was  inadequate  for  nighttime  measure- 
ments, due  to  its  suspension  within  the  drainage  wake. 

The  impetus  for  the  work  of  Reynolds  and  Wallis  (1970)  was  the  finding  that 
the  simple  suspension  technique  did  not  work  for  the  flight  of  a large  scientific 
balloon  in  1968.  In  this  mission  (Ballard  et  al.,  1970),  a 29-million-cubic-f t 
(0.82-million-cubic-meter)  polyethylene  balloon  reached  155,000  ft  (47.2  km).  The 
balloon  had  a diameter  of  412  ft  (126  m) ; the  payload  was  suspended  55  ft  (16.8  m) . 
Daytime  payload  thermistor  measurements  gave  readings  10°  C higher  than  those 
obtained  from  a spatially  and  temporally  comparable  rocketsonde.  In  order  to  under- 
stand this  situation,  a research  effort  was  undertaken  to  determine  the  extent  of 
day  and  night  temperature  wakes  associated  with  floating  balloon  systems.  This 
effort  comprised  three  daytime  measurements  to  determine  superheat  of  the  balloon 
fabric  and  three  nighttime  tests  to  determine  the  extent  of  the  thermal  drainage  wake 
about  the  balloon  system.  In  all  six  tests,  small  (18  ft  diam)  3/4  mil  polyethylene 
balloons  were  used.  For  all  tests,  the  geometry  of  sensor  exposure  was  proportional 
to  that  of  the  full-scale  case. 

The  temperature  condition  obtained  from  the  second  nighttime  mission  is  shown 
in  Figure  3.  Three  thermistors  were  mounted  on  each  of  two  booms,  the  first  lying 
2 ft  (0.6  m)  and  the  second  22  ft  (6.7  m)  below  the  balloon,  with  thermistor  posi- 
tions as  indicated.  The  outboard  thermistor  on  the  upper  boom,  in  line  with  the 
balloon's  outer  edge,  indicated  9°  C colder  than  ambient.  The  outboard  sensor  on  the 
lower  boom  indicated  7°  C less  than  ambient.  Figure  4 pertains  to  the  third  night 


test  and  shows  an  isotherm  which  delineates  the  shape  of  drainage  flow.  The  flow 
appears  turbulent,  rather  than  laminar  as  in  the  model  of  Ney  et  al. 

Results  of  daytime  flights  are  shown  in  Figure  5.  Note  that  superheat  of  the 
balloon  is  some  40°  C (40°  C was  obtained  for  polyethylene,  43°  C for  Mylar)  and 
thermistors  on  the  first  boom  indicated  12-14°  C above  ambient,  or  the  same  order 
of  superheat  experienced  by  the  large  balloons. 

In  a subsequent  flight  of  an  almost  identical  (30  million  cu  ft)  (0.85  million 
cu  meter)  balloon,  Ballard  et  al . (1972)  had  a payload  suspended  65  ft  (19.8  m) 
beneath  the  balloon.  A superheat  of  10°  C was  observed.  The  payload  was  then  reeled 
down  1000  ft  (300  m) , where  thermistors  measured  a temperature  corresponding  to  the 
atmosphere  ambient  condition. 

Reynolds  and  Wallis  (1970)  concluded  that  instruments  suspended  within  one-half 
balloon  diameter  in  daytime  may  experience  superheat  of  10-14°  C above  ambient,  and 
that  in  night  missions,  drainage  wake  temperatures  may  fall  below  ambient  by  as  much 
as  15°  C. 


2.1.4  BALLARD  ET  AL.  (1974) 

Ballard  et  al.  (1974)  flew  another  large  polyethylene  balloon  (0.85  million  cu 
meter)  to  48.7  km  altitude,  in  a mission  profile  very  similar  to  that  planned  for  the 
LACATE  mission.  During  ascent,  the  payload  was  suspended  20  m (65  ft)  beneath  the 
balloon;  at  float,  it  was  reeled  down  an  additional  370  m (1200  ft).  Balloon  skin 
and  payload  temperatures  were  monitored  throughout  the  mission.  During  the  early 
part  of  the  night  ascent,  the  payload  was  cooler  than  atmospheric  ambient.  At  tropo- 
pause,  however,  the  payload  was  warmer  than  ambient,  due  to  the  relatively  long  time 
constant  of  the  balloon  and  gas.  Near  20  km  altitude,  the  payload  indicated  ambient 
temperature.  Above  20  km,  the  continued  helium  expansion,  coupled  with  an  increase 
in  ambient  temperature  during  ascent,  again  resulted  in  the  payload  temperature  being 
colder  than  ambient.  After  reeling  the  payload  down  the  additional  370  m (1200  ft), 
no  temperature  wake  effect  was  observed. 

2.1.5  SUMMARY  OF  PREVIOUS  MODELS 

2.1. 5.1  Common  Features 

All  the  investigators  referenced  previously  modeled  the  float  condition  and 
recommended  that  payloads  be  suspended  at  least  2 balloon  diameters  to  minimize  wake 
effects.  Ballard  et  al . (1974)  presented  results  for  the  ascent  condition.  Ney 
et  al.  (1961)  additonally  recommended  placing  thermistors  at  least  3 feet  away  from 
the  gondola  and  suspension  line  to  avoid  the  boundary  layer. 
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2. 1.5.2  Differences  Among  Models 

Ney  et  al.  predicted  laminar  flow  to  at  least  50  ft  (15.2  m)  from  their  60  ft 
(18.3  m)  diameter  balloons.  Wagner  (1965)  observed  a more  turbulent  flow  in  his 
simulations,  a result  confirmed  by  the  measurements  of  Reynolds  and  Wallis  (1970). 
Ney  et  al.  predicted  a temperature- induced  upwash  in  the  daytime  at  moderate  float 
altitudes  of  5-10  mb.  At  higher  altitudes,  they  predicted  a cold  downwash  boundary 
layer  would  persist,  even  in  the  daylight  hours.  This  cold  boundary  layer  is,  how- 
ever, not  indicated  by  the  data  of  Ballard  et  al.  (1970)  and  Ballard  et  al.  (1972), 
which  indicated  the  balloon  temperature  to  be  10-12°  C above  the  ambient  condition. 
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2.2  Need  lor  Further  Wake  Modeling 

It  was  decided  to  attempt  a new  analytical  modeling  of  the  temperature  wake, 
for  the  following  reasons: 

1.  It  was  desired  to  avoid  reeldown  of  the  LACATE  payload,  for  weight  and 
payload  dynamics  considerations.  Therefore  an  assessment  of  wake  effects  on  experi- 
mental accuracy  was  needed,  before  deciding  whether  to  reel  down  or  not. 

2.  An  accurate  model  of  the  temperature  (and  moisture)  wakes  existing  near  a 
balloon  wake  was  needed,  to  enable  deriving  accurate  radiance  corrections  for  the 
carbon  dioxide  and  water  vapor  channels  of  the  LACATE  instrument. 

3.  Previous  models  were  in  some  disagreement  as  to  the  laminar  or  turbulent 
nature  of  the  wake. 

4.  It  was  desired  to  model  the  wakes  during  float  conditions  for  day  as  well 
as  night  conditions. 

2.3  Development  of  Wake  Flow  Field  Model 

There  is  a series  of  steps  that  must  be  taken  in  order  to  predict  the  wake  flow 
field  behind  an  ascending  or  floating  balloon.  First,  the  dynamics  of  a balloon 
flight  must  be  defined.  The  important  parameters  are  the  balloon's  velocity,  skin 
temperature,  and  shape. 

The  balloon  velocity  and  skin  temperature  were  calculated  using  Kreith's  (1971) 
computer  program  which  defines  the  vertical  motion  of  a balloon  both  during  ascent 
through  the  atmosphere  and  at  the  float  altitude.  The  program  solves  the  equations 
of  vertical  motion  accounting  for  the  lift  of  the  gas  inside  the  balloon,  the  total 
weight  of  the  balloon  and  its  payload,  the  virtual  mass  of  the  balloon  due  to  its 
displacing  air  mass  during  motion,  and  the  aerodynamic  drag.  Equations  describing 
the  thermodynamics  of  expanding  the  lift  gas  and  the  energy  balance  of  the  overall 
balloon  system  are  also  programed.  To  solve  the  energy  equation,  the  program  includes 
convection  between  the  balloon  and  the  atmosphere  so  that  an  atmospheric  temperature 
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profile  versus  altitude  must  be  provided.  In  the  LACATE  mission  analysis,  the  White 
Sands  Missile  Range  Atmospheric  Model  for  May  was  used. 

The  other  important  parameters  to  be  considered  in  the  energy  balance  are  the 


solar  and  infrared  radiation  loads.  The  solar  load  is  a result  of  direct  radiation 


onto  the  balloon  and  reflected  solar  radiation  or  albedo  radiation  from  the  Earth's 


surface.  There  are  also  infrared  radiation  interchanges  between  balloon  and  Earth 
and  balloon  and  atmosphere.  Therefore,  the  balloon  skin's  radiation  characteristics, 
that  is,  its  solar  absorptivity,  a,  and  its  infrared  emissivity,  £,  must  be  known. 
Measurements  of  the  a and  £ were  taken  on  LACATE  balloon  material  samples.  The 
material  was  Winzen  Industries  "Stratof ilm, " a 0.6-mil  polyethylene  film.  A Beckman 
Instruments  spectrophotometer  was  used  to  measure  the  solar  absorptivity  and  a Gier- 
Dunkle  infrared  ref lectometer  was  used  to  determine  the  emissivity.  Complete  details 
of  the  techniques  used  to  measure  these  properties  are  outlined  in  a paper  by  Smith 
(1972).  The  measured  value  of  a was  0.012  and  the  measured  value  of  £ was  0.039. 


These  low  values  are  desirable  because  the  balloon  skin  temperature  is  less  affected 
by  solar  and  infrared  radiation  than  by  convection  with  the  atmosphere.  Since  the 
balloon  skin  is  transparent  to  both  solar  and  infrared  radiation,  radiative  energy 
can  strike  all  surfaces  of  the  balloon  at  any  instant  in  time  by  transmission  and 
reflection.  Figure  6,  taken  from  Kreith  (1971),  shows  this  radiative  phenomenon 
schematically.  He  derived  expressions  for  the  effective  a and  e for  a trans- 


parent balloon  material  as  follows: 


f 1 IR 
l 1 - yir 


where  T ^ is  the  transmissivity  in  the  solar  spectral  region 

Y is  the  reflectivity  in  the  solar  spectral  region 


' is  the  transmissivity  in  the  infrared  region 


YjR  Is  the  reflectivity  in  the  infrared  region 


These  quantities  can  be  determined  using  the  measured  data  from  the  instrumentation 
described  previously  along  with  the  expressions 


a + i + y =1 


e + tir  + yir  = 1 


£ 


These  equations  are  based  on  a radiative  energy  balance  which  states  that  the  amount 
of  energy  absorbed,  transmit  ted , and  reflected  by  the  surface  of  a body  must  equal  the 
amount  of  energy  incident  upon  the  surface.  Kirchoff's  Law,  which  states  that  the 


absorptivity  in  the  infrared  region,  a , is  equal  to  the  infrared  emissivity,  , 

IK 


was  used  in  Eq.  (4).  The  a for  the  0.6-mil  "Stratofilm"  was  0.024  and 

eff  ert 


was  0.076. 


Figure  7 shows  the  balloon  skin  temperature  versus  altitude  as  calculated  by 
the  computer  program  of  Kreith  (1971).  The  White  Sands  Missile  Range  atmospher 
model  for  May  temperature  profile  is  also  plotted  showing  a relatively  small  tempera- 
ture difference  at  all  altitudes.  At  the  night  float  altitude  of  36.5  kilometers, 
the  balloon  skin  temperature  was  calculated  to  be  20°  C cooler  than  the  atmosphere. 
After  sunrise,  the  balloon  rose  slowly  to  an  altitude  of  42.6  kilometers,  and  the 


skin  temperature  was  determined  to  be  7°  C cooler  than  the  atmosphere.  The  Kreith 
program  does  not  have  the  capability  of  calculating  a temperature  distribution  over 
the  balloon  skin;  an  average  temperature  is  output.  Convection  or  the  lift  gas  on 


the  balloon  skin  would  moderate  temperature  extremes  so  that  the  temperature  on  any 
part  of  the  balloon  skin  should  not  deviate  significantly  from  the  computed  average 


temperature. 


2.3.1  POTENTIAL  FLOW  AND  BOUNDARY-LAYER  SOLUTIONS 


After  the  balloon  surface  temperature  has  been  established,  the  flow  field 
around  a moving  balloon  can  be  determined  to  the  point  where  separation  of  the  flow 
from  the  balloon's  surface  occurs  by  solving  potential  flow  and  boundary-layer  equa- 
tions for  axisymmetric  flow.  The  potential  flow  equations  from  Hess  and  Smith  (1966) 
are  used  to  define  the  velocities  and  pressures  in  the  far  field  where  viscosity  effects  are 


insignificant  as  the  flow  passes  around  the  balloon.  In  this  treatment , the  body  is  taken 
to  be  stationary  within  a moving  f low.  Figure  8 shows  the  streamlines  in  the  flow  around 
the  body.  The  streamlines  at  a large  distance  from  the  body  are  negligibly  affected 
by  the  body  which  acts  as  a flow  disturbance  in  the  field.  This  region  is  called 
the  free  stream,  which  has  a velocity,  U . An  imaginary  tube  that  encompasses  the 
body  can  be  constructed  out  of  the  streamlines  that  are  not  affected  by  the  body;  by 
definition,  the  mass  flow  rate  through  this  tube  must  be  constant  at  any  cross  sec- 
tion. Therefore,  as  the  flow  approaches  the  body,  the  streamlines  inside  the  tube 
come  closer  together  in  the  vicinity  of  the  body  indicating  higher  velocities  than 
in  the  undisturbed  free  stream.  Lower  static  pressures  accompany  the  increased 
velocities,  reaching  a minimum  at  the  largest  diameter  of  the  body.  From  this  point, 
the  flow  begins  decelerating  until  it  passes  the  aft  end  of  the  body  where  the  veloc- 
ity near  the  body  has  returned  to  the  velocity  of  the  undisturbed  free  stream.  The 
pressure  in  this  region  is  increasing  until  it  reaches  the  undisturbed  free-stream 
pressure.  How  the  pressure  and  velocity  vary  around  the  body  depends  upon  the  body 
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shape.  To  analyze  the'  flow  field  around  the  LACATE  balloon,  the  shape  was  determined 
from  data  given  by  Smalley  (1966)  for  the  various  stages  of  balloon  distension  occur- 
ing  as  the  balloon  ascends.  Figure  9 from  this  reference  shows  typical  shapes  of  a 
balloon  at  various  degrees  of  inflation.  The  potential  flow  computer  program  used 
has  the  capability  of  calculating  the  flow  field  around  any  of  the  shapes  shown  in 
this  figure. 

Once  the  pressures  and  velocities  in  the  flow  in  the  far  field  around  the  body 
have  been  established,  attention  can  be  focused  on  the  flow  in  the  near  vicinity  of 
the  body  where  the  effects  of  the  gas  viscosity,  that  is,  the  boundary  layer,  are 
considerable.  Figure  10  shows  typical  velocity  distributions  in  the  boundary  layer 
at  various  positions  on  the  balloon  surface.  Whereas  in  the  potential  flow  case  it 
is  assumed  that  the  gas  can  slip  over  the  surface  of  the  body  with  a velocity  inde- 
pendent of  the  velocity  of  the  surface,  in  reality  the  gas  cannot  slip  over  the 
surface  and  its  velocity  must  be  equal  to  the  velocity  of  the  surface.  Therefore,  a 
shear  in  the  flow  near  the  surface  of  a body  is  created  according  to 


3u 

T = 1J¥ 


(5) 


where  T is  the  shear  stress  in  the  flow, 
p is  the  viscosity  of  the  gas,  and 


du 

3y 


is  the  velocity  gradient  in  the  y direction  (perpendicular  to  the  body 


surface) 

The  velocity  gradient  decreases  in  the  y direction  until  the  local  velocity  com- 

I 

puted  in  the  potential  flow  solution  is  reached.  At  this  point,  tt-  = 0;  the  thick- 

dy 

ness  of  the  boundary  layer  at  any  location  is  thus  defined.  Figure  10  shows  the 
boundary- layer  thickness  increasing  in  the  meridional  or  x direction.  The  boundary 

layer  will  remain  attached  to  the  body  as  long  as  the  pressure  gradient  in  the  direc- 

, ,,  3P  3p 

tion  of  flow,  i— , is  decreasing.  However,  when  begins  increasing,  the  condi- 

tions for  the  boundary  layer  to  separate  from  the  body  are  present.  The  reason  for 
separation  is  that  the  flow  velocity  in  the  boundary  layer  very  near  the  surface  is 
retarded,  and,  therefore,  the  momentum  in  this  flow  is  not  sufficient  to  overcome  the 
increasing  pressures  encountered.  At  the  separation  point  the  velocity  gradient,  - , 

at  the  wall  is  zero  as  shown  in  Figure  10.  The  local  flow  becomes  circulatory  and 
the  beginning  of  the  wake  is  now  defined.  The  laminar  boundary-layer  program  from 
Muraca  (1970)  computes  the  velocity  distribution  in  the  boundary  layer  along  the  sur- 
face of  a body  to  the  separation  point,  as  well  as  the  boundary-layer  thickness.  The  tem- 
perature distribution  in  the  boundary  layer  is  also  computed  by  solving  the  boundary-layer 
energy  equation  and  the  boundary- layer  equations  of  mot  ion  simultaneously . The  d if  f erence 
between  the  body  wall  temperature  and  the  free-stream  temperature  must  be  specified 
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Co  solve  this  equation.  For  the  LACATE  balloon,  this  quantity  is  the  difference 
between  the  balloon  skin  temperature  and  the  atmospheric  temperature. 

A capability  exists  in  the  programs  to  iterate  on  the  solutions  since  in  the 

actual  flow  there  is  a deficiency  in  mass  flow  rate  in  the  boundary-layer  region 

when  compared  to  the  flow  rate  in  the  same  region  calculated  by  the  potential  flow 

, * 

equation  (see  Fig.  11).  By  displacing  the  body  coordinates  by  an  amount  6 , the 
displacement  thickness,  the  two  mass  flow  rates  can  be  made  equal.  This,  in  effect, 
alters  the  body  shape  so  that  a new  potential  flow  should  be  obtained.  By  repeating 
this  process,  a final  solution  can  be  obtained  within  some  assigned  error  criterion. 

The  results  of  the  analyses  for  the  float  condition  at  38.6  km  during  night- 
time are  shown  in  Table  1.  The  upward  velocity  in  the  balloon's  bobbing  motion 
averaged  2 meters  per  second.  Flow  separation  occurred  at  the  maximum  diameter 
(200  m) . The  boundary-layer  thickness  at  separation  was  50  m.  The  temperature  dis- 
tribution in  the  boundary  layer  is  also  shown.  These  same  parameters  for  the  day- 
time float  condition  are  shown  in  Table  2. 

2.3.2  TEMPERATURE  PROFILES  IN  THE  WAKE  FLOW  FIELD 

The  LACATE  radiometer  was  suspended  30.5  m below  the  base  of  the  balloon.  In 
this  region,  the  flow  is  irregular  so  that  no  definite  flow  pattern  is  established, 
making  analytical  predictions  extremely  difficult.  However,  the  flow  in  this  region 
is  thoroughly  mixed  so  that  it  may  be  assumed  there  is  very  little  temperature 
gradient  in  the  radial  direction  in  the  core  of  the  wake.  The  temperature  data 
obtained  by  Reynolds  and  Wallis  (1970)  in  the  very  near  wake  of  floating  balloons 
verify  this  assumption.  The  data  also  show  the  core  temperature  is  approximately 
equal  to  the  balloon  temperature.  The  core  of  the  very  near  wake  is  defined  as  a 
cylindrical  section  with  a radius  equal  to  the  max  mum  diameter  of  the  balloon  as 
shown  in  Figure  12.  Beyond  the  core,  in  the  radial  direction,  there  is  a transition 
region,  in  which  the  temperature  distribution  varies  from  the  core  temperature  to  the 
atmospheric  temperature.  In  the  LACATE  analysis,  the  temperature  distribution  within 
the  transition  region  was  assumed  to  be  the  same  as  the  temperature  distribution  com- 
puted for  the  region  within  boundary  layer  at  the  separation  point.  It  was  also 
assumed  that  the  outer  radial  dimension  of  the  transition  region  was  the  same  as  the 
boundary-layer  thickness  computed  at  the  separation  point.  These  assumptions  serve 
as  approximations  only,  but  they  are  based  on  the  logic  that  very  little  mixing  of 
the  undisturbed  atmosphere  into  the  transition  region  at  the  LACATE  radiometer  sta- 
tion has  occurred.  Farther  downstream,  mixing  of  the  undisturbed  air  into  the  wake 
does  occur,  and,  at  a sufficient  distance  downstream  from  the  balloon,  predictions 
uf  the  radius  of  the  complete  wake  as  well  as  the  velocity  and  temperature  distribu- 
tions in  the  wake  can  be  computed  based  on  boundary-layer  theory  as  shown  in 
Schlichting  (1962).  A variation  of  this  theory  has  been  applied  as  close  as  10  body 


diameters  downstream  by  Goldstein  (1965).  The  temperature  profile  shown  in  Table  3 
is  the  result  of  applying  the  technique  at  1000  ft  (305  m)  downstream  from  the  LACATE 
balloon  (approximately  2 balloon  diameters).  The  profile  was  calculated  from  the 
following  equation: 


T = 0.0418  (T 


Tballoon)  (1 


3/2  ' 
(£>  ) 


where  At  is  the  difference  between  the  atmospheric  temperature,  T , and  the  local 
temperature  in  the  wake,  T, 

^balloon  t^e  Walloon  skin  temperature, 

r is  the  local  radius  in  the  wake  measured  from  the  wake  center  line, 

b is  the  radial  distance  to  the  edge  of  the  wake  measured  from  the  center 
line  of  the  wake 

The  constant,  0.0418,  was  determined  from  temperature  data  reported  by  Freymuth  and 
Uberoi  (1973).  They  measured  the  velocity  and  temperature  distribution  in  the  wake 
behind  a heated  sphere.  The  distance,  b,  was  determined  from  the  following  expres- 
sion given  by  Schlichting  (1962): 


b = 1.2  (CD  A Z) 


where  is  the  drag  coefficient  for  a balloon  (0.3  for  laminar  flow  as  stated 

by  Kreith  (1971)) 

A is  the  frontal  or  maximum  cross-sectional  area  of  the  balloon  in  a plane 
perpendicular  to  the  direction  free-stream  flow 

Z is  the  distance  below  the  balloon  measured  along  the  wake  center  line 
The  constant,  1.2,  was  also  determined  from  the  Freymuth  and  Uberoi  (1973)  data. 
These  results  are  shown  as  a point  of  interest,  but  not  as  a recommendation  of  using 
the  theory  in  this  region  of  the  wake.  An  effort  is  being  continued  to  determine  if 
modifications  should  be  made  to  the  technique  so  that  it  can  be  applied  in  regions 
of  the  wake  less  than  10  body  diameters  away.  Schlichting  stated  that  a modified 
theory  for  application  in  the  near  wake  has  been  developed  for  cyl indr ically  shaped 
bodies  (two-dimensional  flow).  Success  in  applying  a modified  boundary-layer  theory 
to  the  near  wake  is  of  limited  interest,  since  previous  balloon  experiments  such  as 
Ney  et  al.  (1961)  have  shown  the  balloon  wake  is  destroyed  in  2 to  3 balloon  diam- 
eters downstream  for  large  floating  balloons,  if  horizontal  wind  shears  are  present. 
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3.1  ( i mulct i \ .ind  l1i\sio  of  Iti-mote  Sensing  From  Ifallnon  Payloads 

Figure  13  is  a general  schematic  of  the  1 ine-of-s ight  geometry  for  a remote- 
sensing payload  suspended  from  a scientific  balloon  floating  at  an  altitude  H.  The 
payload  contains  a radiometer  package  which  scans  both  in  the  vertical  and  in  azi- 
muth. The  instantaneous  line  of  sight  (LOS)  is  commonly  parameterized  by  its  tangent 

altitude  h (lying  along  the  radius  vector  of  minimum  length  extending  from  the  center 
of  the  Earth  to  the  LOS),  and  the  look  azimuth  8.  The  field  of  view  (FOV/ , typi- 
cally a very  narrow  cone,  is  represented  by  a line's  width  on  the  figure.  The 
instrument's  fundamental  measurement  is  one  of  radiance  within  a certain  spectral 
interval  contributed  by  the  radiating  gas(es)  along  the  LOS.  The  radiance  measure- 
ments are  customarily  inverted  mathematically  to  yield  profiles  of  atmospheric  tem- 
perature and  absorber  concentration  versus  geometric  altitude.  Examples  of  the 
inversion  techniques  used  may  be  found  in  Gille  and  House  (1971),  McKee  and  Cox 
(1973),  and  Russell  and  Drayson  (1972). 

In  the  LACATE  mission  referenced  here,  a 10-channel  radiometer  was  used  to 
infer  atmospheric  temperature  and  the  concentrations  of  0^,  NO^,  HNO^,  N^O,  H^O,  CH^, 

and  aerosols  (Russell  et  al.,  1974).  The  radiance  sensed  at  the  instrument  w its 

LOS  lies  along  the  look  direction  S is  represented  analytically  by 


N (Av.LOS  (h,$) ) = - Js=0  /,-  4>(V)B(V,T(S))  ^ (S,V)dS  dv 


(8) 


N is  the  radiance  over  a spectral  bandwidth  Av,  contributed  by  all  radiating  ele- 
ments of  differential  path  length  dS  lying  along  the  LOS  of  tangent  altitude  h 
and  azimuth  8.  <t>(v)  is  the  instrument  spectral  response  function.  B(v,T(S))  is 

the  Planck  blackbody  spectral  radiance  function  at  wave  number  V,  evaluated  at  the 
absolute  temperature  T(S)  of  the  radiating  LOS  element  dS.  x (T(S) , q(S) ,v)  is  the 
transmissivity,  at  wave  number  V,  for  the  LOS  element  at  temperature  T(S),  and 
active  absorber  mixing  ratio  q(S).  The  Planck  function  has  the  form 


B(v,T) 


exp 


(Cn 


3 

V/T)  - 1 


(9) 


where  and  are  constants.  Inversion  techniques  commonly  first  solve  for 

T(Z),  the  atmospheric  temperature  as  a function  of  altitude,  Z,  by  using  a spectral 
region  with  an  active  absorber  having  a constant  mixing  ratio  with  altitude.  In  the 
infrared,  the  4.3-Um  and  15-Um  regions  are  used  with  CO,  as  absorber;  the  microwave 
uses  the  60-GHz  (5  mm)  region  and  62*  Then,  with  the  temperature  profile  known,  the 
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concentrations  q^(Z)  of  other  constituents  can  be  derived  from  measurements  in 


spectral  regions  where  they  are  active. 

As  an  exact  analytical  calculation  of  N is  impossible,  either  band  or  line- 
by-line  transmissivity  models  for  the  appropriate  radiating  constituents  are  utilized, 
and  a finite  sum  representation  for  N is  employed  on  a digital  computer  as  in 
Eq.  (10). 


S=S 


N (Av,L0S (h, b) ) 


- 1 l 

Av  S=0 


At 


0(Av)B(v,T(S))  jg  (T(S),q(S),v)  AS  Av 


(10) 


S denotes  the  intersection  of  the  LOS  with  the  top  of  the  atmosphere  (90  km  alti- 
tude) . For  computation,  the  atmosphere  is  typically  represented  by  a series  of  con- 
centric shells  of  1 km  thickness,  homogeneous  in  temperature,  pressure,  and  constitue 
mixing  ratios,  as  shown  in  Figure  13.  For  simulations  in  this  report,  a numerical 
limb  radiance  synthesis  program  based  on  Bates  et  al.  (1967)  as  modified  by  Dayis 
(1969)  was  used.  The  program  was  modified  further  to  include  the  transmissivity 
data  of  Dr.  W.  Smith  of  NOAA  (1969),  to  simulate  the  endo-atmospher ic  viewing  case, 
and  to  incorporate  wakes  along  the  LOS. 


3.1.1  SIMULATION  OF  WAKE  EFFECTS 

3.1.1. 1 Superposition  of  Wake  and  Ambient  Temperature  Fields 


In  this  investigation,  wakes  were  incorporated  into  Eq.  (8)  by  superposing  the 
wake  temperature  field  upon  the  ambient  atmospheric  condition,  input  in  shells  as 
previously  described.  For  the  portion  of  the  LOS  lying  within  the  wake,  additional 
shells  were  added,  of  thickness  such  that  the  LOS  encountered  a new  shell  each 
10  meters  along  its  extent.  Therefore,  the  vertical  thicknesses  of  the  shells  varied 
with  scan  angle  in  the  vertical  plane. 


3. 1.1. 2  Analytical  Representation  of  Wake  Effects 

If  the  finite  sum  of  Eq.  (10)  is  expanded  into  its  components,  the  likely  influ- 
ence on  N of  wake  elements  lying  along  the  LOS  can  be  understood  more  readily.  Such 
expansion  takes  the  form 
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the  atmosphere.  For  illustrative  purposes,  consider  that  the  temperature  wake  exists 
only  within  the  first  shell.  Then  the  wake-perturbed  radiance  becomes 

At  • 

N1  (Av,L0S(h,3) ) =-  I ♦(Av)(B1’(\i,T,(S1))  (T'(S^),p(Sj),q(S),v)  ASX 

At„  1 


+ B£(v,T(S£))  (T(S£),p(S£),q(Sx),v)  AS£}  (12) 


where  KS^  = T(S1)  + AT1  (S L ,LOS  (h)  .H,!^)  and 


AT^  is  the  wake-caused  temperature 


perturbation  lying  at  distance  along  the  LOS  from  the  sensor,  while  the  payload 

is  at  altitude  H and  the  balloon  is  ascending  with  a speed  Uw  (the  free-stream 
velocity  of  paragraoh  2.3.1). 

Thus 


N + n 


(13) 


where 


H = n(Av,LOS(h),H,Hflfl) 

is  the  change  in  measured  radiance  resulting  from  the  wake's  presence.  In  the  model- 
ing approach,  the  AT^  are  assumed  to  be  azimuthally  symmetric,  so  the  parameter  LOS 
only  has  the  subparameter  h in  the  At^  expression.  Thus  r|  is  also  assumed  to 
be  azimuthally  symmetric.  The  prediction  of  n under  various  conditions  typical  of 
scientific  balloon  missions  is  the  main  subject  of  section  4 but  it  is  appropriate 
first  to  estimate  its  behavior  from  physical  considerations. 

Due  to  the  more  rapid  variation  with  temperature  of  the  Planck  function  than 
that  of  the  transmissivity  function,  0 is  generally  expected  to  be  negative  for  a 
cold  wake  and  positive  for  a hot  wake.  This  was  found  to  be  the  case  in  the 
simulations. 

3.1.1. 3 Constituent  Wake  Effects 

Although  this  report  is  concerned  only  with  temperature  wakes,  it  is  of  inter- 
est to  estimate  the  effect  of  constituent  wakes,  as,  for  example,  from  desorbed  water 
vapor,  from  physical  considerations.  If  only  constituent  wakes  are  present,  unaccom- 
panied by  temperature  wakes,  then  the  At  and  q factors  of  Eq . (10)  would  be 
primed,  for  shells  containing  the  wake.  Due  to  the  increase  in  opacity,  At  would 
increase;  thus  N'  would  exceed  N.  If  both  temperature  and  constituent  wakes  are 
present,  B,  T,  At  and  q should  all  be  primed.  For  a warm  wake  condition,  all 
factors  might  be  expected  to  act  in  the  same  direction,  to  increase  N'  over  N. 

For  a night  condition,  the  result  would  depend  on  the  relative  magnitudes  of  a cold 
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temperature  wake,  acting  to  decrease  N,  and  the  constituent  wake,  acting  to  increase 
it,  as  well  as  the  spectral  region  utilized. 

(.  RESULTS  OF  WAKE  SIMULATIONS 

1.1  Situations  Simulated 


The  procedure  of  paragraph  3 was  applied  to  assess  the  wake  radiance  effects 
which  could  be  observed  by  a payload  suspended  from  a large  polyethylene  balloon  at 
various  distances  in  day  and  night  missions.  Several  situations  were  simulated. 

Four  are  discussed  herein,  as  follows: 

A.  Balloon  at  float,  night,  payload  suspended  100  ft  (30.3  ra) 

B.  Balloon  at  float,  day,  payload  suspended  100  ft 

C.  Balloon  at  float,  night,  payload  suspended  1000  ft  (303  m) 

D.  Balloon  at  float,  day,  payload  suspended  1000  ft 

All  simulations  assumed  the  White  Sands  Missile  Range  model  atmosphere  for  May 
to  be  the  atmospheric  ambient  condition.  The  infrared  radiometer  was  assumed  to  have 
a 100-percent  response  between  the  limits  580  and  760  cm  ^ (13.26  to  17.23  pm),  the 
bandpass  of  the  "wide  C07"  channel  of  the  LACATE  mission  (Russell  et  al . , 1974).  To 
derive  representative  values  for  the  free-stream  velocity  U^,  the  altitude  excur- 
sions of  the  balloon  at  float  altitude,  over  a 5-minute  period,  were  assumed  to 
average  +200  m and  to  reach  +300  m as  a worst  case.  These  estimates  were  derived 
from  Ballard  et  al . (1972)  and  from  consultations  in  1974  with  Mr.  Bryon  D.  Gildenberg 
of  AFCRL  Balloon  Detachment  1 at  Holloman  AFB,  New  Mexico. 

Situations  A and  B pertain  directly  to  the  LACATE  mission,  with  its  short  (only 
100  ft)  payload  suspension  distance.  Situations  C and  D are  included  to  simulate  the 
effects  to  be  observed  when  the  1000-ft  payload  suspension  distance  frequently  used 
in  scientific  balloon  missions  is  utilized. 

1.2  Results  of  Radiance  Effect  Simulations  and  Discussion 

Table  4 summarizes  the  results  for  the  various  situations.  For  the  LACATE 
night  mission  (situation  A)  the  wake  consisted  of  a core,  uniformly  20°  C cooler 
than  the  ambient  atmosphere,  out  to  the  edge  of  the  balloon,  followed  by  the  boundary- 
layer  temperature  distribution  of  Table  1.  The  LACATE  day-condition  wake  consists  of 
a uniform  core  7°  C cooler  than  ambient,  followed  by  the  boundary-layer  temperature 
distribution  of  Table  2.  The  uppermost  temperature  distribution  shape  in  Figure  12 
pertains  to  both  LACATE  situations. 

-2  -2 

For  the  two  LACATE  conditions,  the  maximum  radiance  effect,  -2.5  x 10  Wm 
Sr  \ was  obtained  for  the  night  situation  (A),  as  expected.  As  the  Noise  Equivalent 
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Radiance  (NEN)  of  the  "wide  CO."  channel  of  the  LACATE  radiometer  was  4.3  x 10  1 Wm 

-l 

Sr  , the  radiance  diminution  (v,  paragraph  3)  stemming  from  the  wake  effect  amounts 
to  almost  six  times  the  NEN;  it  therefore  should  be  included  in  the  data  reduction. 
For  the  day  situation  (B)  the  diminution  is  equivalent  to  3 NENs.  All  radiance- 
effects  in  Table  4 pertain  strictly  to  the  horizontal  viewing  situation.  Changing 
the  tangent  height  h (cf.  paragraph  3 and  Fig.  13)  of  the  radiometer  LOS  downward 
causes  the  magnitude  of  the  effect  to  increase,  as  more  of  the  LOS  lies  within  the 
cold  wake.  When  nadir  views  were  simulated,  radiance  effects  of  up  to  twice  the  num- 
bers in  the  table  were  obtained.  For  the  LACATE  mission,  the  total  range  in  eleva- 
tion scan  angle  was  only  8°;  thus,  the  numbers  in  the  table  can  be  applied  to  the 
whole  scan  range. 

As  mentioned  previously  in  Section  2.3.2,  modeling  of  the  temperature  wake  in 
the  region  between  3 and  10  balloon  diameters  below  the  balloon  is  more  tentative. 
Therefore,  the  predicted  temperature  wakes,  as  shown  by  the  lower  curve  of  Figure  12, 
and  listed  in  Table  3,  and  the  resultant  radiance  perturbations  for  situations  C and 
D should  be  regarded  with  less  confidence  than  those  for  situations  A and  B.  The 
wisdom  in  the  precaution  of  lowering  a payload  at  least  1000  ft  (-300  m)  below  a 
large  balloon  seems  to  be  demonstrated  by  these  results,  for  the  diminution  in  sensed 
radiance  for  both  conditions  C and  D is  less  than  one  NEN.  But  even  these  very  small 
corrections  may  be  too  pessimistic,  for  vertical  wind  shears  over  this  distance  are 
almost  invariably  large  enough  to  blow  the  wake  aside,  or  dissipate  it.  Therefore 
corrections  at  suspensions  of  this  magnitude  may  be  unnecessary. 

Thus  all  conditions  modeled  here  resulted  in  wake  effects  which  would  act  to 
lower  the  radiance  measured  by  an  infrared  radiometer  suspended  beneath  a large  poly- 
ethylene balloon.  All  conditions  had  a cold  drainage  wake,  even  in  daytime,  as  pre- 
dicted by  Ney  et  al.  for  very  high-altitude  balloons.  The  drainage  is  reflected  in 
the  uniformly  negative  radiance  effects  in  Table  4. 

No  attempt  was  made  to  model  wakes  during  ascent  condition,  primarily  because 
most  radiance  observations  on  missions  of  this  type  are  made  near  peak  altitude.  As 
remarked  previously  *n  paragraph  2,  the  results  of  Ballard  et  al.  (1974)  indicate 
that  the  temperature  wake  on  ascent  may  be  warmer  than  the  ambient  atmosphere  in 
certain  regimes,  notably  the  upper  troposphere.  Therefore  it  would  be  incorrect  to 
assume  that  a negative  radiance  effect  would  be  observed  during  all  portions  of  an 
ascent,  but  this  assumption  is  probably  warranted  for  the  stratosphere.  For  complete- 
ness, aii  evaluation  of  radiance  effects  during  ascent  portions  of  missions  should  be 
performed,  using  an  approach  such  as  in  this  report. 

Comparison  to  LACATE  Observations 

The  original  intent  was  to  use  the  limb  radiance  profiles  observed  in  the  CO, 
and  water  vapor  channels,  in  a reversal  of  the  simulation  procedure  described 
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previously,  as  a check  on  the  magnitudes  of  the  predicted  wake  effects.  Thus  a set 
of  n . observed  wake  corrections,  would  be  derived  ar.J  compared  to  the  set  of  pre- 
dicted M (Eq.  (13)),  to  assess  the  validity  of  the  wake  modeling.  Measurements  of 
temperature  and  humidity  aboard  the  LACATE  payload  were  to  serve  as  boundary  values 
for  the  wakes  deduced.  To  date,  it  has  been  impossible  to  perform  this  assessment 
for  two  reasons.  First,  the  final  data  reduction  of  the  LACATE  limb  radiance  pro- 
files is  not  yet  complete,  due  to  the  necessity  for  correcting  unanticipated  instru- 
ment radiometric  effects,  which  are  still  unresolved.  Second,  the  payload  thermis- 
tors were  destroyed  on  balloon  lift-off,  when  the  gondola  brushed  the  ground  during 
a wind  gust.  (Humidity  measurements  were  obtained,  however.)  Therefore,  it  is 
impossible  to  perform  the  desired  verification  of  wake  modeling  at  this  time. 


Table  1.  Temperature  Profile  Within  the  Boundary  Layer  at  Nig  it, 
100  ft  (30.5  m)  Below  the  Balloon 


1 

Distance  in  Boundary  Layer  (m) 

Temperature  Decrement  From 
Atmospheric  Ambient  (°C) 

0 

20.0 

5 

16.4 

10 

13.9 

15 

8.6 

20 

4.7 

25 

2.3 

30 

0.9 

35 

0.4 

40 

0.3 

45 

0.2 

50 

0.1 

Table  2.  Temperature  Profile  Within  the  Boundary  Layer  in  Daylight, 
100  ft  (30.5  m)  Below  the  Balloon 


1 ' ' ' 

Distance  in  Boundary  Layer  (m) 

Temperature  Decrement 
Atmospheric  Ambient 

From 

(°C) 

0 

7.0 

5 

5.8 

10 

4.4 

15 

3.0 

20 

1.7 

25 

0.8 

30 

0.3 

35 

0.1 

40 

0.08 

45 

0.06 

50 

0.02 
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MYLAR  BALI  O' 'N  FLOATING  AT  5 10  mb  PRESSURE  ALTITUDE  AT  NIGHT 


MYLAR  BALLOON  FLOATING  AT  510  mb  PRESSURE  ALTITUDE  IN  DAVlIGHT 


CROSS-HATCHED 
REGION  REPRESENTS 
THE  COLD  BOUNDARY 
LAYER  CONTAINING 
A TEMPERATURE  INDUCED 
DOWNWASH.  FLOWS 
DEPICTED  BY  ARROWS. 


(WAKE  BLOWN  ASIDE 
IF  WIND  SHEAR  PRESENT) 


= -55  C 


( TqaS  = ‘4°C  c I T . , - 40°  C 

I ambient 


ROPES  OR  WIRES  AT  0°  C 


CROSS  HATCHED  REGION  IS 
BOUNDARY  LAYER  WITH  ARROWS 
SHOWING  DIRECTION  Of  FLOW 

GONDOLA 

- T - 0°  C FOR  WHITE  SURFACE 
T 50°  C FOR  ROUGH  ALUMINUM 


f igure  l.  Model  after  Ney  et  al  (I9bl>,  Showing  the  Temperature  Induced 
Downwash  from  a Mylar  Balloon  at  5 to  10  mb  Float  Pressure  Altitude  al 
Night.  Note  wake  is  laminar.  Effect  of  wind  shear  blowing  wake  aside  is 
also  depicted. 


Figure  2.  Mod'i  after  Ney  et  al  mw.|),  Showing  Terperdti.re-lnatjoj 
Upwash  Postulated  for  Daytime  Conditions,  'or  Mylar  Bailoor  at  Moderate 
Float  Alutudes  of  5 to  10  mb 


POLYETHYLENE  BALLOON  FLOATING  AT  68000  FT  MSL  r-  50  mb'  NIGHT  POLYETHYLENE  BALLOON  FLOATING  AT  54200  FT  MSL  • 95  mb'  NIGHT 


Figure  3.  Temperature  Condition  Obtained  in  Two  Nighttime  Missions  of 
Reynolds  and  Wallis  U970).  Note  that  temperature  wake  extends  at  least 
to  outer  limit  of  balloon.  X's  mark  the  thermistor  positions. 


Figure  4.  Temperature  Condition  Obtained  in  Third  Nighttime  Mission  of 
Reynolds  and  Wallis  11970).  Note  from  isotherm  that  drainage  wake  appears 
turbulent  rather  than  laminar.  X’s  mark  thermistor  positions. 
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BALLOON  FLOA ! INC  A I 72000  FI  MSL  « 41  mbi.  DAYTIMI 


Figure  5.  Schematic  of  Temperature  Measurements  by  Reynolds  and 
Wallis  in  Daytime  Missions,  Utilizing  Both  Mylar  and  Polyethylene 
Balloons  Superheat  for  both  materials  was  approcimately  400  i 


where  o Stefan  Bolt/mann  constant 
A^  Surface  area  of  balloon 

Balloon  skin  temperature 


Figure  6.  Derivation  of  Effective  Infrared  Emissivitv  Term  (from  Kreith 
(1971)) 
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Figure  8.  Typical  Streamlines  Around  Balloon.  Obtained  Iron  Potential 
How  'olutlon 
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Figure  9.  Shapes  of  LAC  ATE  Type  Balloon  Below  its  Design  Altitude 
(from  bmallev  (1966)) 
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Figure  10.  Velocity  Distributions  in  Boundary  laser  around  Bailoor 
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Abstract 


A brief  historical  treatment  is  presented,  outlining  the  goals  of  the  Air  Launched 
Balloon  System  (ALBS)  development  program  and  the  specific  concepts  selected  for 
pursuit.  The  importance  of  cryogenic  helium  storage  is  explained  and  the  in-house 
and  National  Bureau  of  Standards  development  efforts  in  that  area  are  discussed  in 
detail.  Two  successful  balloon  inflations  from  a liquid  helium  source  are  described. 
Plans  for  forthcoming  flight  tests  are  outlined,  with  considerable  detail  on  the  dy- 
namics of  the  dual  parachute  array  selected  for  the  mid-air  deployment  and  inflation 
of  the  ALBS  balloon. 


I.  INTRODUCTION 
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NOTE 

This  paper  has  been  abstracted  from  AFGL-TR- 
76-0196,  dated  25  August  1976,  "The  Flight  Test 
Aspects  of  the  Air-Launched  Balloon  System 
(ALBS)  Development  Program. ' ' 


1.  Carten,  A.S.  , Jr.  (1976)  The  Flight  Test  Aspects  of  the  Air-Launched  Balloon 
System  (ALBS)  Development  program.  AFGI.-T R-76-00 1 2. 
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1 . 1 li.i.'ii  KeqiiirtMiiiMil 

The  Air-Launched  Balloon  System  (ALBS)  under  development  at  AFGL  is  aimed 
at  the  requirement  for  a quick-reaction,  lighter-than-air,  tactical  communications 
relay  platform  positioning  capability.  Such  a requirement  is  called  out  in  TAC'  ROC 
B 05 - 7 5 entitled,  "A  Satellite  Airborne  Communications  Relay  System  for  Tactical 
\ir  Forces.  " 

Operational  planning  calls  for  the  packaged  ALBS  to  be  extracted  from  a C-130 
aircraft  at  25,  000  it  (7.  62  km)  When  the  system  is  properly  deployed  in  mid-air 
by  a tandem  parachute  array,  the  stored  ALBS  balloon  will  be  extended  vertically 
and  filled  from  an  attached  helium  storage  unit.  The  inflated  balloon  will  then 
carry  the  communications  relay  to  its  assigned  altitude  [-  70,000  ft  (21.  34  km)]  while 
the  inflation  hardware  floats  to  the  ground. 

1.2  Gas  Storage  Deficiency 

In  1973  the  author  proposed  the  use  of  a cryogenic  gas  storage  and  heat  trans- 

o 

fer  subsystem  for  the  ALBS.  This  recommendation  arose  from  the  severe  weight 
penalties  associated  with  use  of  conventional  compressed  gas  storage  cylinders, 
particularly  in  a system  of  the  size  required  to  put  a communications  relay  on  sta- 
tion. The  need  for  a lightweight  gas  storage  medium  was  identified  as  crucial,  and 
successful  development  of  the  proposed  ALBS  was  seen  impossible  without  a break- 
through in  the  gas  storage  area.  Subsequent  to  publication  of  that  report,  an  agree- 


ment was  reached  between  AFCRL  (the  predecessor  organization  to  AFGL)  and  the 
Cryogenic  Division  of  the  National  Bureau  of  Standards  (NBS),  Boulder,  Colorado, 
by  which  NBS  would  carry  out  experimental  research  in  support  of  the  ALBS  pro- 
gram. That  agreement  was  most  fruitful  and  led  to  the  design,  fabrication,  and 
successful  testing  of  a ground-based  prototype  cryogenic  storage  and  heat  transfer 
subsystem  of  the  desired  capacity.  The  NBS  effort  whic.i  satisfied  the  critical 

3 

ALBS  development  need  is  described  in  a report  authored  by  Sindt  and  Parrish. 

The  NBS  prototype  (Figure  1)  uses  a hot  packed-bed  aluminum  oxide  (AlgO^) 
heat  exchanger  to  gasify  a predetermined  quantity  of  liquid  helium  (LHe>  and  to 
warm  the  gas  to  a suitable  temperature  for  filling  the  balloon.  Its  design  incorpor- 
ates all  of  the  functions  expected  in  operational  use,  where  a flight-qualified  sub- 
system of  this  type  would  be  an  integral  part  of  the  ALBS  package  launched  frot  • • 
transporting  aircraft.  The  packaged  bed  is  designed  to  be  pre-heated  and  put  -> 
standby  status,  awaiting  the  start  of  the  balloon  inflation  process.  On  signal,  t ■ 
dewar  is  automatically  pressurized  and  helium  flows  toward  the  heat  ext  h 

2.  Carten,  A.S. , ,lr.  (1973)  An  Investigation  of  Techniques  for  1 ■ 

Balloon  Systems  from  Aircraft  or  Rockets  in  Flight.  \ I ( I ; ' T *’  ' 

3.  Sindt,  C,F.  and  Parrish,  W . R.  (1976)  A System  for  Inflating 

Helium  Stored  in  the  Liquid  Phase,  A FC’tlL-TR-76  - Of)  1 


Some  ol  the  helium  passes  through  the  heated  bed,  and  some  bypasses  it,  both 
streams  merging  in  a mixing  chamber.  The  resultant  warmed  flow  (220  to  260°K, 
average)  then  passes  through  the  system's  inflation  tubing  into  the  balloon.  Cutoff 
occurs  with  depletion  of  the  stored  helium.  (In  an  actual  air-launch  situation  the 
balloon  would  be  inflated  to  the  proper  extent  at  this  point  for  release  and  ascent 
to  floating  altitude.  ) 

1.3  Al.HS  Subsystem  ((round  Tests 

The  prototype  ALBS  cryogenic  storage  and  heat  transfer  subsystem  was  suc- 
cessfully demonstrated  in  July  1975  at  Boulder,  by  filling  a tied-down  ambient  - 

3 3 

pressure  balloon  with  10,  590  ft  (300  m ) of  helium  gas  at  an  average  temperature 
of  260°K  in  six  min  and  45  seconds. 

HOT  GAS 
VALVE 

GAS 
VALVE 


A,0,P£LLETS 


HELIUM 

PRESSURIZING 

GAS 


TO  BAL  LOON 
BURST  DISC 


500  LITER  LIQUID  HELIUM  DEWAR 


Figure  1.  Schematic  of  the  NBS  Experimental  Cryogenic  Gas  Storage  and  Heat 
Transfer  Unit 


*The  220  to  260°K**  average  temperature  range  reflects  system  design  limits 
where  both  physical  size  constraints  for  the  heat  transfer  unit  and  balloon  film 
temperature  limitations  were  carefully  considered.  With  respect  to  polyethylene 
film,  the  allowable  temperature  extremes  were  established  as  218°  and  323°K. 
Normally,  the  warmer  temperatures  are  briefly  encountered  at  start-up  while 
colder  temperatures  are  experienced  at  the  end  of  the  run. 


**The  Kelvin  temperature  scale  will  be  the  preferred  scale  in  this  report, 
reader  is  asked  to  remember  that  0°C  = 273.  15°K  = 32°F.  Thus: 

260°K  = -13.  15 °C  = 8. 33°F 
220°K  = -53.  15°C  = -63.  67°F 


The 
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Figure  2.  Prototype  of  the  ALBS  Cryogenic  Unit 


^Approximately  102  lb  (46.  27  kg)  of  liquid  helium  were  used  for  inflation  pur- 
poses. This  is  the  quantity  previously  calculated  for  an  operational  ALBS  in  which 
a 200  lb  (90.7  2 kg)  communications  relay  would  be  carried  to  an  altitude  of  70,  000  ft 
(21.  34  km).  It  should  be  noted,  however,  that  the  102  lb  of  I. He  actually  provides 
much  more  than  200  lb  of  lift.  The  helium  quantity  is  tailored  to  the  overall  lift 
requirement,  which  encompasses  not  only  the  weight  of  the  principal  payload,  that 
is,  the  communications  relay  (200  lb),  but  also  the  weights  of  the  balloon,  180  lb 
(81.65  kg),  and  of  the  hardware  needed  for  flight  control,  195  lb  (88.45  kg),  plus 
10  percent  free  lift.  (System  weights  are  summarized  in  Table  1.  ) 
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In  November  1975  this  same  prototype  cryogenic  unit  was  transported  to 

Holloman  AFB,  New  Mexico  where  it  was  again,  successfully  employed.  There  it 
t 3 3 

was  used  to  inflate,  on  the  ground,  a 145,  000  ft  (4106  m ) balloon  which,  upon  being 
released,  carried  a payload  of  300  lb  ( 136.  08  kg)  to  7 5,  000  ft  (22.86  km).  This  was 
the  first  known  flight  of  a large  balloon  inflated  directly  from  a cryogenic  source. 
Figure  2 shows  the  prototype  as  employed  at  Holloman  AFB.  The  helium  storage 
medium  is  the  large,  cylindrical  object  towards  the  front  of  the  truck  in  the  figure 
and  is  a heavy  500 -liter  commercial  dewar.  The  heat  transfer  unit  is  the  smaller 
domed  cylinder  on  a stand  in  the  rear  of  the  truck. 


Table  1.  Air-Launched  Balloon  System  Weight  Breakdown  (Estimated  Values) 


Item 

lb_ 

kg 

Drogue  chute  (35  ft  (10.67  m)  ring  sail 

23 

10.  433 

Extension  line  [200  ft  (60.  96  m)] 

9 

4.  082 

Shackles,  triplate 

10 

4.  536 

EV-13  valve,  strobe  light 

10 

4.  536 

Balloon,  ALBS,  reefed 

180 

81. 648 

Subtotal 

232 

108.  235 

Main  chute  (64  ft  (19.  51  m)  flat  circular) 

100 

45.  36 

Item 

lb 

kg 

Main  canopy  apex  frame 

50 

22.  68 

Comm,  relay 

200 

90.  72 

Command/  control 

40 

18.  144 

Recovery  chute 

20 

9.  07  2 

Ballast,  etc. 

125 

56.  70 

Filling  tube,  clamps 

10 

4.  536 

Cryogenic  unit 

653 

296. 200 

Subtotal 

1098 

498. 053 

Total  System  Weight 

lb_ 

kg 

232 

105. 235 

100 

45.  36 

1098 

498.  053 

648. 648 

& 


2.  ALBS  FLIGHT  TEST  SYSTEM  DESIGN  EVOLUTION 
2.1  General  Considerations 

With  the  ground  tests  successfully  completed,  the  decision  to  embark  on  an 
ALBS  flight  test  program  was  inevitable.  The  main  issue  was  one  of  scheduling. 

In  other  words,  how  soon  after  November  1975  could  a meaningful  flight  test  be  con- 
ducted, a test  which  would  prove  the  feasibility  of  launching  LTA  relay  platforms  in 
mid-air?  The  answer  to  this  question  depended  on  availability  of  funds  and  of  spe- 
cial resources,  such  as  a flight -qualified  cryogenic  unit,  a suitable  drop  platform, 
and  a unique  balloon  designed  for  mid-air  inflation.  It  depended  also  on  the  ability 
to  work  out  support  agreements  with  other  organizations  and  personnel  (within  and 
outside  of  AFGL)  with  respect  to  balloon  design,  command/control  instrumentation 
system  design,  parachute  system  tests  and  design  verification,  launch  and  recovery 
operations,  and  so  on.  Let  us  look  now  at  some  of  these  contingency  items  to  see 
how  they  have  been  handled,  and  to  ascertain  the  nature  of  the  flight  test  plan  that 
has  evolved. 
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2.2  Cryophilic  Cas  Storage  ami  Ileal  Transfer  Subsystem 
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From  the  start  it  was  obvious  that  the  cryogenic  gas  storage  and  heat  transfer 
subsystem  shown  in  Figures  1 and  2 could  not  be  used  in  the  planned  flight  tests. 

The  commercial  dewar  was  too  heavy  and  entirely  unsuitable  for  mid-air  deploy- 
ment. It  was  used  in  the  197  5 ground-based  tests  because  it  was  readily  available 
and  because  dewar  size  was  not  critical  in  those  tests.  ) The  heat  transfer  unit  was 
also  too  heavy,  though  not  so  much  so  as  the  dewar.  Thus  a new,  much  lighter  and 
more  compact  cryogenic  gas  storage  and  heat  transfer  unit  now  became  the  critical 
need.  Fortunately,  an  allocation  of  money  was  received  from  the  Laboratory  Dir- 
ector's Fund  which  allowed  the  experimental  work  agreement  with  the  NBS  to  be 
extended  immediately.  The  design  and  fabrication  of  the  needed  lightweight  flyable 
cryogenic  gas  storage  and  heat  transfer  subsystem  were  thereupon  quickly  initiated 
by  the  NBS,  with  a scheduled  completion  data  of  October  1976. 

Figure  3 shows  the  outline  of  the  experimental  lightweight  cryogenic  gas  storage 
and  heat  transfer  unit  constructed  by  NBS  for  the  flight  tests.  This  new  unit  has 
less  capacity  than  the  original  oversized  unit  used  in  the  197  5 ground  tests,  but 
enough  to  supply  the  necessary  102  lb  of  LHe  (cf  Note  Section  1.  3).  To  reduce 
weight,  two  titanium  liquid  hydrogen  tanks,  left  over  from  the  NASA  Apollo  Pro- 
gram and  slightly  modified,  have  been  employed  as  the  helium  dewars.  The  new 
configuration  also  includes  a redesign  of  the  original  heat  transfer  unit  to  lighten  it. 
The  estimated  gross  weight  of  the  new  design  (dewars  + heat  transfer  unit  plus 
frame  and  padding)  is  653  lb  (296.  2 kg),  about  half  the  weight  of  the  original. 

2.3  Drop  Platform  (Aircraft  vs  Italloon) 

Looking  at  the  problem  in  its  simplest  terms,  that  is,  the  dropping  of  a pack- 
age from  25,  000  ft  (7.  62  km)  over  a test  range,  the  question  of  the  drop  platform 
becomes  one  of  deciding  between  a C-130  aircraft  delivery  system,  as  illustrated  in 
Figures  4a  and  4b  and  a balloon  delivery  system  as  described  later.  Both  are  prov- 
en air  launch  systems.  The  decision  made  in  December  1975  was  to  employ  a bal- 
loon as  the  ALBS  drop  platform  initially.  This  was  a significant  decision  in  that  it 
established  the  specific  direction  that  the  present  test  program  is  to  take  and,  at  the 
same  time,  limited  it  to  a proof-of-concept  test.  It  also  effectively  added  a year  to 
the  scheduled  initiation  date  for  C-130  drops  of  the  complete  system.  (Those  drops, 
which  will  be  operational  feasibility  tests,  will  be  the  subject  of  another  paper. ) The 

This  altitude  has  been  selected  because  it  corresponds  to  the  maximum  allow- 
able extraction  altitude  of  C-130  operations,  a factor  which  is  governed  by  Air 
Force  regulations  with  respect  to  crew  safety.  From  a general  operational  point 
of  view  this  altitude  is  considered  highly  desirable  in  that  it  reduces  the  time  re- 
quired to  put  the  relay  on  station  (the  balloon  has  a shorter  distance  to  climb),  and 
also  allows  vertical  maneuvering  space  over  mountainous  terrain.  Specific  opera- 
tional considerations  may  dictate  the  use  of  a somewhat  lower  altitude,  however. 
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Figure  3.  Layout  of  the  Model  II 
Hot  Bed  and  Helium  Dewars 
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Figure  4.  Extraction  of  ALBS  Module  from  C-130 


399 


se 


■f* A. 


w 


< 

i 

) 

•* 

i 

* 

. 

t 


decision  to  restrict  the  tests  covered  by  this  paper  to  proof-of-concept  tests  was  not 
taken  lightly  and  it  involved  several  important  general  considerations  such  as  re- 
source availability,  test  bed  flexibility  and  the  validity  of  balloon  tests  as  predictors 
of  ALBS  performance.  A key  specific  issue  also  weighed  heavily  in  the  decision, 
the  matter  of  airborne  engineering  requirements. 

2.3.1  AIRBORNE  ENGINEERING  REQUIREMENTS 

To  be  eligible  for  0130  drops,  the  ALBS  cryogenic  gas  storage  and  heat  trans- 
fer subsystem  would  have  to  meet  the  engineering  standards  established  for  equip- 
ment to  be  carried  aboard  aircraft.  This  would  require  more  contractual  funds  than 
were  immediately  available  to  the  work  unit  and  would  subject  the  program  to  the 
time  delays  associated  with  the  more  stringent  design  and  fabrication  requirements. 
The  author  was  reluctant  to  initiate  a stretched-out  program  for  a completely  quali- 
fied unit  prior  to  a proof-of-concept  demonstration  using  simpler  equipment,  es- 
pecially since  two  surplus  titanium  dewars  were  available  at  the  NBS  for  immediate 
use  in  an  interim  configuration  entirely  suitable  for  the  proof-of-concept  goal. 

Since  such  a configuration  could  be  put  together  rapidly  and  within  existing  budgetary 
constraints  it  was  decided  to  go  ahead  with  the  interim  configuration  shown  in  Fig- 
ure 3,  despite  the  fact  that  it  could  not  be  used  in  an  aircraft  drop.  Naturally,  this 
decision  mandated  the  use  of  a balloon  launch  platform  in  the  proof-of-concept  test. 

2.4  The  ALUS  Special  Balloon 

Another  prerequisite  flight  test  item  is  the  special  ALBS  balloon  designed  for 

mid-air  inflation.  Prior  to  deployment  it  will  be  compactly  stored  in  the  ALBS 

module  in  an  uninflated  state.  The  initial  design  of  this  balloon  has  been  established 

and  three  balloons  have  been  built  by  Winzen  Research,  Inc.  to  that  design.  The 

fully  inflated  ALBS  balloon  will  be  considerably  smaller  than  the  carrier  balloon 

3 3 

from  which  the  module  will  be  dropped  (a  volume  of  157,  000  ft  (4446  m ) for  the 
ALBS  balloon  vs  one  of  approximately  800,  000  ft3  (22,  656  m3)  for  the  initially- 
selected  carrier  balloon).  The  ALBS  balloon  will  have  two  novel  features  which  are 
being  added  to  meet  the  special  mid-air  inflation  requirement:  an  internal  inflation 
tube,  running  along  a gore  from  base  to  apex,  and  a special  base  end  fitting  which 
both  supports  the  ALBS  payload  and  accommodates  the  inflation  tube.  This  balloon 
will  also  be  reefed,  to  protect  the  slack  material  from  buffeting  during  the  mid-air 
inflation  process. 

There  are  uncertainties  connected  with  the  mid-air  inflation  of  the  special  ALBS 
balloon.  These  are  related  to  assumptions  employed  with  regard  to  the  balloon 
extraction  rate,  the  balloon  "bubble”  drag  coefficient,  the  lift  to  mass  ratio,  etc. 

The  dynamic  behavior  of  the  balloon  itself  while  the  inflation  process  is  going  on  is 
also  very'  Important  and  not  completely  predictable.  There  is  some  fear,  for  ex- 
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ample,  that  the  balloon  may  twist  during  inflation,  pinching  off  its  gas  supply  tube 
and  causing  it  to  burst,  thus  aborting  the  mission.  Also,  no  consideration  has  been 
given  to  possibly  adverse  horizontal  wind  effects. 

It  would  be  desirable  to  resolve  as  many  of  these  uncertainties  as  possible  with 
dummy  tests,  to  avoid  risking  the  expensive  flyable  cryogenic  unit.  To  this  end  a 
series  of  AI.BS  parachute  subsystem  tests  has  been  arranged  at  El  Centro,  Califor- 
nia using  C-130  aircraft  and  system  mockups.  In  addition,  balloon  drops  of  ALBS 
dummy  configurations  will  be  conducted  over  the  White  Sands  Missile  Range,  prior 
to  the  balloon  drop  of  the  complete  live  ALBS  prototype  system.  (See  Section  2.  6 
for  scheduling  information.  ) The  El  Centro  tests  (Section  2.  5)  will  verify  decelera- 
tor  performance  during  the  balloon  extraction  process  and,  in  addition,  will  test  the 
survivability  of  the  gas  transfer  hose,  which  is  made  of  3-mil  (.  0076  cm)  thick, 

9.  64 -in  (24.  5 cm)  wide  layflat  polyethylene  tubing.  (This  hose  will  be  attached  to  the 
center  vent  pull  line  of  the  main  parachute.  ) The  initial  balloon  drop  (dummy  unit) 
tests  will  complement  the  El  Centro  demonstrations  and  resolve  other  uncertainties 
such  as  those  associated  with  drops  of  heavy  loads  from  carrier  balloons.  The 
actual  mid-air  inflation  of  the  special  ALBS  balloon  cannot  be  simulated,  however, 
and  demonstrating  the  feasibility  of  that  process  will  be  one  of  the  major  goals  of  the 
"live"  test. 

2.5  Tlie  Parachute  Subsystem 

A complicated  parachute  subsystem  is  required  for  successful  mid-air  deploy- 
ment of  the  ALBS.  Although  it  is  configured  around  standard  parachutes,  and  no 
parachute  development  is  envisioned,  the  system's  complications  arise  from  its  in- 
tended use.  This  will  become  clear  when  we  examine  the  mid-air  deployment 
problem  in  greater  depth.  (See  Section  3.  ) This  examination  will  point  up  many 
questions  yet  to  be  resolved.  Nevertheless,  there  appears  to  be  no  compelling 
reason  why  the  planned  parachute  system  will  not  do  the  assigned  job.  The  many 
calculations  carried  out  to  reach  the  values  entered  on  Table  2 and  discussions  of 
the  system  with  experienced  parachute  test  personnel  have  generated  enough  confi- 
dence in  the  planned  array  to  proceed  to  parachute  system  verification  flight  testing 
at  El  Centro  using  dummy  payloads.  Those  tests  will  undoubtedly  introduce  refine- 
ments to  the  general  concept,  which,  in  the  long  run  will  aid  overall  system  develop- 
ment. 

2.6  The  Primary  lest  Plan 

With  the  demonstrated  availability  of  the  critical  test  components  the  discussion 
will  now  continue  on  the  basis  that  the  primary  test  plan  will  be  to  drop  a complete 
ALBS  module  (including  the  cryogenic  unit  of  Figure  3)  from  a carrier  balloon. 
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The  tentative  opeiutional  details  of  the  plan  are  as  summarized  on  Table  2 and 
covered  in  depth  in  Section  3.  The  scheduled  time  period  for  carrying  out  the 
planned  balloon  drop  of  the  complete  ALBS  module  is  Jun/Jul  1977.  The  parachute 
system  tests  to  b . conducted  earlier  from  C-130  aircraft  at  El  Centro  (November 
1976  to  January  1977)  and  the  planned  dummy  system  drops  from  a carrier  balloon 
at  Holloman  AFB  (March/April  1977)  are,  in  effect,  dress  rehearsals  and  subsystem 
shakedown  tests  prior  to  execution  of  the  primary  test.  (See  addendum.  ) 


3.  THF,  MID-AIR  DEPLOYMENT  PROBLEM 
3.1  General  Considerations 

The  mid-air  deployment  problem,  simply  stated,  is  one  of  bringing  about  the 
controlled  desce- t of  the  ALBS  module  after  it  has  been  launched  from  the  carrier 
aircraft  (or  balloon),  while  at  the  same  time,  using  elements  of  the  deceleration 
system  to  extract  the  folded  ALBS  balloon  from  its  container  and  to  stretch  it  out 
for  inflation. 

If  controlled  descent  were  the  only  requirement,  there  would  be  no  problem. 
Standard  air  cargo  extraction  and  deceleration  systems  would  meet  the  stated  needs 
very  nicely  and  would  require  only  routine  operational  preparations.  The  problem 

arises  from  the  second  functional  element,  the  need  to  deploy  the  balloon  vertically 
(and  gently)  to  its  full  length  (102  ft,  31.  9 m)  while  the  entire  array  is  descending. 

3.2  Parachute  Arrays 

Two  parachutes  are  needed  for  mid-air  deployment  of  the  ALBS  system:  a 
smaller  upper  parachute,  called  the  "drogue  chute,  " and  a lower  and  larger  main 
parachute  or  "main  canopy.  ” In  this  paper  the  above -the -main  canopy  balloon  de- 
ployment method  will  be  the  preferred  method  and  the  array  to  be  des-ribed  is 
more  suited  to  that  method.  This  preference  represents  a change  in  project 
planning.  It  has  been  concluded  that  the  below -the -main  canopy  deployment  method 
favored  earlier  (see  Figure  5)  subjects  the  balloon  to  too  much  strain  and  introduces 
the  probability  of  main  chute  collapse  as  the  balloon  begins  to  fill.  It  also  causes 
an  increase  in  system  weight  by  requiring  an  extra  recovery  parachute,  since  the 
main  chute  cannot  be  used  for  that  purpose. 

Parachute  clusters  are  fairly  common,  particularly  in  the  dropping  of  very 
heavy  cargoes.  Vertically-separated  tandem  arrays,  such  as  the  one  proposed 
here,  are  less  common  but  are  used  in  specific  applications  such  as  in  the  recovery 
of  drone  aircraft.  The  top  loading  of  the  main  canopy  and  the  alternate  unloading 
and  loading  of  the  drogue  chute  during  the  main  canopy  deployment  and  the  ALBS 
balloon  extraction  process  represent  a marked  departure  from  standard  parachute 
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Figure  5.  Originally  Proposed  ALBS  Deployment  Sequence  (Now  obsolete) 


techniques,  however,  and  introduce  uncertainties  which  can  be  resolved  only  by 
actual  experiment.  Thus,  the  tests  to  be  conducted  at  El  Centro  assume  critical 
importance  in  this  respect. 


3.3  Sequence  of  Events 


3.3.1  GENERAL 


The  events  associated  with  the  release  of  the  live  ALBS  module  from  a carrier 


balloon  are  identified  on  Table  2 along  with  the  estimated  altitudes  and  times  at  the 
completion  of  each  event.  (Figures  6 to  12  depict  the  major  events  in  this  sequence.  ) 
Comparable  aircraft  drop  events  are  not  separately  listed  here  but  are  identical  to 
those  specified  for  the  balloon  drops  in  Table  2,  once  Event  2b  has  been  completed. 

The  time,  altitude,  and  velocity  values  shown  in  Table  2 for  the  balloon  drops 
are,  at  best,  approximations.  They  were  obtained  by  selecting  specific  parachute 
sizes  and  types  (in  this  case,  for  example,  a 3 5 -ft  (10.  67  m)  diameter  ring  sail 
drogue  and  a 64 -ft  (19.  51  m)  flat  circular  main  canopy)  and  by  employing  standard 
equations  for  determining  acceleration,  deceleration,  drag,  equilibrium  velocities, 
and  so  on.  In  almost  every  case  some  starting  or  governing  assumption  had  to  be 
made.  In  the  end,  the  true  values  for  the  events  listed  will  be  known  only  after  the 
completion  of  the  experimental  program.  In  the  meantime,  the  values  are  considered 


adequate  for  guidance  in  planning  flight  instrumentation  and  command/control 
equipment  for  the  test  program.  They  also  show  that  the  inflation  sequence  will 
be  completed  at  an  altitude  which  provides  both  a safe  clearance  above  the  test 
range  terrain  and  a margin  of  safety  (height  wise)  to  accommodate  some  error  in 
calculated  event  completion  times. 

It  should  be  mentioned  here  that  the  choice  of  a 35 -ft  (10.  67  m)  ring  sail 
drogue  was  based  on  theoretical  considerations  and  does  not  reflect  the  actual 
availability  of  this  parachute.  Other  possible  contenders  are  a 43-ft  (13.  11  m)  ring 
sail  chute,  a 40-ft  (12.  19  m)  ring  slot  (heavy)  chute  and  a lightweight  3 2 -ft  (9.75  m) 
ring  slot  chute.  If  a drogue  chute  other  than  a 35 -ft  ring  sail  is  used  the  velocity 
and  altitude  values  shown  in  Table  2 will  no  longer  apply,  except  as  rough  approxi- 
mations, and  a new  Table  2 will  have  to  be  constructed,  using  the  same  methods  of 

calculation. 

I 

3.3.2  BALLOON  DROP,  EVENT  NO.  1,  FREE  FALL  PHASE 

As  shown  in  Table  2,  the  first  balloon-drop  event  has  three  parts  and  will  be- 
gin when  the  release"  or  "drop"  command  is  given  to  the  carrier  balloon  (Figure 
6).  This  release  action,  which  initiates  the  free-fall  descent  of  the  1430  lb*  mod- 
ule, has  been  designated  Event  la  and  is  expected  to  take  only  0.  5 second.  No  alti- 
tude change  is  involved. 

* 

*The  1430  lb  (648.  65  kg)  module  weight  figure  is  based  on  the  weights  of  Table 

( 1.  It  includes  the  weight  not  only  of  the  system  which  is  eventually  to  rise  to  float 

altitude  but  also  of  the  additional  components  necessary  for  mid-air  deployment 
and  inflation.  The  latter  items  will  parachute  to  earth  when  the  inflation  operation 
is  completed. 

( Caution:  No  provision  has  been  made  in  Table  1 for  possible  parachute  ballast 

weights.  During  the  El  Centro  tests,  various  ballast  combinations  will  be  tried, 
to  determine  how  much  ballast  is  needed;  if  any,  to  assure  positive  and  rapid  infla- 
tion of  the  64  ft  main  chute  and  to  compensate  for  the  effects  of  the  apex  loading.  If 
such  ballasting  proves  necessary,  the  1430  lb  module  weight  will  have  to  be  revised 
upward  and  the  data  of  Table  2 will  have  to  be  recalculated. 


The  packed  drogue  chute  remains  attached  to  the  carrier  balloon  during  the 
succeeding  four  sec,*  which  is  the  free-fall  duration  required  for  deployment  of 
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Figure  6.  ALBS  Flight  Test  System  at  Float  Altitude  (25,  000  ft) 


*The  4-sec  free  fall  is  based  on  the  assumption  that  the  carrier  balloon  will 
hover  momentarily  at  the  release  altitude,  at  least  long  enough  to  permit  the  exten- 
sion line  to  pay  out  and  become  taut.  If  the  balloon  rises  during  this  short  period 
it  will  accelerate  the  deployment  of  the  extension  line  and  decrease  both  the  free 
fall  period  and  the  downward  velocity  of  the  module  at  the  time  of  drogue  chute 
opening.  The  effect  on  the  equilibrium  velocity  of  the  drogue  at  the  end  of  event  2b 
will  be  slight,  however. 

The  actual  behavior  of  the  carrier  balloon  at  the  moment  of  module  release  will 
depend  on  a number  of  factors  whose  magnitude  cannot  be  forecast  accurately.  An 
obvious  effect  to  be  expected  is  an  upward  movement  associated  with  the  relaxation 
of  the  balloon  material  and  with  the  gain  in  buoyancy.  This  can  be  offset  somewhat 
by  releasing  (valving)  some  of  the  carrier's  lifting  gas  and  by  preloading  the  carrier 
with  extra  ballast  to  reduce  the  percentage  of  the  carrier's  gross  load  lost  at  ALBS 
release.  However,  since  a heavily-ballasted  carrier  balloon  must  be  made  of  high- 
strength  material,  and  since  such  balloons  are  quite  expensive  and  are  not  well 
represented  in  the  balloon  inventory,  extra  ballasting  may  be  infeasible.  The  gross 
weight  which  the  carrier  balloon  must  lift  will  not  be  known  until  after  the  El  Centro 
parachute  system  tests  where  parachute  ballast  requirements  are  also  being  estab- 
lished, Only  then  will  it  be  possible  to  ascertain  true  gross  system  weights  and 
permissable  ballast  provisions. 


the  200  ft  (60.96  m)  extension  line.  (During  the  fall,  one  end  of  the  line  is  attached 
to  the  ALBS  module,  the  other  to  the  packed  drogue.  ) This  action  constitutes 
Event  lb.  The  purpose  of  the  extension  line,  incidentally,  is  to  provide  sufficient 
vertical  clearance  between  the  two  parachutes  later  on  so  that  the  wake  from  the 
main  chute  will  not  adversely  affect  the  performance  of  the  drogue. 

When  the  extension  line  slack  is  used  up  the  drogue  chute  will  be  pulled  out  of 
its  pack  located  in  a shield  attached  to  the  carrier  balloon  and  its  lines  will  become 
taut  in  about  1 sec,  ending  the  ALBS  free  fall  phase.  This  is  Event  lc.  Table  3 
shows  the  velocities  and  height  differentials  with  time  associated  with  this  free-fall 
period.  (Rounded-off  Table  3 velocity  and  l.  AH  values  for  3.  5 and  4.  5 sec  have 
been  used  in  Table  2 for  Events  lb  and  lc  even  though  the  cumulative  completion 
times  for  those  events  are  4.5  and  5.  5 sec  respectively.  The  1-sec  difference  is 
accounted  for  by  the  no -fall  0.  5 sec  time  of  Event  la  and  by  a built-in  0.  5 -sec  lag 
to  compensate  for  expected  friction  effects.  ) 

3.3.3  BALLOON  DROP  EVENT  NO.  2,  DROGUE  CHUTE  INFLATION 

It  has  been  assumed  that  the  ring  sale  drogue  chute  will  begin  to  inflate  as  soon 
as  its  lines  become  taut  and  that  its  effective  area  will  increase  linearly  with  time 
during  the  opening.  These  assumptions  are  in  accord  with  standard  parachute  prac- 
tices. An  opening  time  of  3.  5 sec  has  been  allowed,  using  the  method  described 
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in  the  Parachute  Handbook  for  parachutes  with  geometric  porosity.  Table  2 shows 
that  the  drogue  chute  decelerates  from  -145  fps  (-44.20  mps)  to  -73.09  fps  (-22.52 
mps)  at  full  opening  and  reaches  an  equilibrium  velocity  of  -58.  87  fps  (-17.  94  mps)* 
6.  3 sec  later,  at  the  end  of  Event  2b  (cf.  Figure  7a).  The  drogue  is  at  24,  072  ft, 

(7.  337  km)  200  ft  (60.  96  m)  above  the  module.  The  opening  shock  is  2.  15  g,  well 
within  ALBS  design  capability. 

3.3.4  BALLOON  DROP  EVENT  NO.  3,  MAIN  CANOPY 
DEPLOYMENT  AND  INFLATION 

Until  this  point  the  64-ft  (19.51  m)  flat  circular  main  canopy  has  been  packed 
in  a special  compartment  above  the  cryogenic  unit  in  the  descending  ALBS  module. 
(See  Figure  7b.  ) A timer-activated  signal  will  now  fire  the  explosive  bolts  (or  equi- 
valent devices)  holding  the  parachute  compartment  together.  The  heavy  cryogenic 
unit  will  immediately  fall  away  pulling  down  the  lines  of  the  main  chute  with  it.  The 


4.  Performance  of  and  Design  Criteria  for  Deployable  Aerodynamic  Decelerators 

— finsif  Asn-TR-ei-57n; 

In  an  aircraft  launch,  the  200 -ft  extension  line  is  expected  to  be  fully  deployed 
by  the  extraction  chute  before  the  module  is  pulled  from  the  rear  of  the  C-130 
transport  (Figure  4a).  The  module  will  then  swing  down  through  a 200-ft  arc,  and 
after  some  oscillations,  will  begin  a vertical  descent  (Figure  4b).  In  this  case,  the 
equilibrium  velocity  of  the  drogue  chute  will  be  slightly  different  from  that  shown 
for  a balloon  drop.  The  same  holds  true  for  the  Event  2b  completion  altitude. 


407 





m as 


<*?.•  ._:-Tr 


0 

0 

25, 000 

0 

0 

0 

0 

1 

1 

24, 983. 9 

-32.  2 

-16.  1 

-16.  1 

-16.  1 

2 

1 

24,935. 6 

-64.  4 

-48.  3 

-48.  3 

-64.4 

3 

1 

24,  855.  1 

-96.  6 

-80.  5 

-80.  5 

-144.9 

3.  5 

. 5 

24,  802.  8 

-112.7 

-104.  65 

-52.  32 

-197. 2 

4.  0 

. 5 

24,742. 4 

-128. 8 

-120.75 

-60. 38 

-257.  6 

4.  5 

. 5 

24,  674.  0 

-144. 9 

-136.  85 

-68.  42 

-326.  0 

5.  0 

. 5 

24, 597. 5 

-161.0 

-152. 95 

-7  6.  48 

-402.  5 

Free  Fall  Formulas: 


I 


A H 


1 


xAl  = 


0 + 


(-32. 2) 
2 


x 


v xAt 

1 = -16.  1 


A v = -32.2  fps  ( -g)  for  A t = 1 sec 
= for  At  = 1/2  sec 

v , = v + A v 

1 o 

= 0 + (-32.  2) 

= -32.  2 fps 

v2  = Vj  + Av 

- (-32.  2)  + (-32.  2) 

- -64.  4 etc. 


* 
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TO  CARRIER  BALLOON 


Figure  7a.  ALBS 
Flight  Test:  Drogue 
Chute  Deployment 
(First  Stage  Decelera- 
tion) 


Triplate,  Tenney  Release . 
Suspension  lines,  etc  . 
(Positioned  on  plastic  troy) 


Bungee  Cord 


ALBS  Balloon 


Payload 

Restramirg  Coble 
Payload  Webbing 
Aluminum  Frame 


Mam  Canopy  and 
Inflation  Tubing 


Figure  7b.  ALBS  Module 
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top  of  this  chute  remains  secured  to  the  upper  plate  of  the  parachute  storage  com- 
partment. (cf  Figure  ii.  ) 

$ 

Table  4 shows  the  estimated  time  for  deployment  of  the  main  canopy.  Event 
3a,  to  be  1.7  seconds.  This  is  the  time  it  takes  the  free-falling  cryogenic  unit  to 
move  approximately  68  ft  (20.73  m)  away  from  the  drogue -supported  components, 
which  are  falling  at  a slower  rate.  Table  2 gives  a deployment  time  of  2.  2 sec, 
however.  The  longer  time  includes  an  arbitrary  0.  5 -sec  for  line  stretch  and  shock 
absorption  before  the  main  chute  starts  to  open.  During  this  time  the  free  falling 
mass  (cryogenic  unit,  main  canopy,  filling  tube)  decelerates  from  the  velocity  at 
the  end  of  the  free  fall  (-113.  64  fps,  -34.  64  mps)  to  that  of  the  drogue  at  2.  20  sec 
(-47.62  fps,  -14.51  mps).  Using  the  formula 


F = ma. 


it  W 
or  F=  — 

-g 


dv 
dt  ’ 


we  obtain  the  deceleration  shock  on  the  system  as  follows: 


F = ( • (-gy2)  - 3128.77  lb  (1419.21  kg)  - retarding  force 


(1) 


where 

W = (1430  - 667)  or  763  lb  (346.  1 kg) 

and 

dv  _ (-113,  64)  - (-47. 62)  -66.  02  fps  (-20.  12  mps) 

dt  0.5  °r  0.  5 sec  0. 5 sec 

F = F + W = 3 128.  77  lb  + 7 63  lb  = 3891.  77  lb 
o 

= total  deceleration  force  (17  65.30  kg)  (2) 


Fo  3891.77  lb 

"W  7 63  IB — 


5.  1 g (gravitational  force  units)  . 


(3) 


*Table  4,  Note  1,  makes  reference  to  Appendix  A,  that  is,  to  Appendix  A of 
AFGL-TR-7  6-0196  from  which  this  paper  has  been  derived,  that  report  contains 
back  up  computations  and  program  information  which  illustrates  how  the  data  of 
Tables  2,  4,  and  5 were  obtained. 

**The  68-ft  distance  is  the  length  of  a center  vent  pull  line  which  brings  the 
cryogenic  unit  up  short  before  the  main  canopy’s  suspension  lines  become  taut. 
This  device  is  considered  necessary  to  insure  the  opening  of  the  main  canopy. 
Otherwise,  with  tension  on  the  top  (from  the  drogue)  and  on  the  bottom  (from  the 
cryogenic  unit)  there  might  not  be  enough  air  entering  that  chute  at  the  end  of  de- 
ployment (v  = 47. 62  fps,  -14.51  mps)  to  open  it. 
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The  arbitrary  0.  5-sec  deceleration  time  may  be  too  short,  in  which  case  the 
error  will  be  on  the  safe  side.  (With  longer  deceleration  periods  the  g load  is  less.  ) 
The  addition  of  ballast  (see  note.  Section  3.  3.  2)  to  the  cryogenic  unit  will  work  in  the 
other  direction,  however,  and  may  serve  to  raise  g loads  above  the  design  value  of 
the  cryogenic  unit,  lOg.  The  El  Centro  tests  will  resolve  this  point. 

The  next  event,  3b,  main  canopy  inflation  (opening),  involves  a major  assump- 
tion: Because  the  top  of  the  main  canopy  is  under  tension,  from  the  pull  of  the  drogue, 
its  opening  time  will  not  be  that  of  an  independently  acting  parachute,  but  rather  that 
of  a hypothetical,  partially-open  larger  parachute  whose  fully  open  area  is  the  sum 
of  the  areas  of  the  main  chute  and  the  drogue  chute.  The  "partially  open"  area  is 
the  area  of  the  drogue  chute  alone.  Under  this  assumption  the  main  canopy  opening 
time  is  the  time  required  for  the  hypothetical  parachute,  assumed  to  be  carrying 
the  entire  suspended  load,  to  increase  its  open  area  linearly  from  that  of  the  drogue 
alone  to  a value  equal  to  the  summed  areas  of  the  drogue  and  main  parachutes.  The 
individual  parachute  areas  are  3217  ft^  (298.  8 m“0  and  962  ft^  (89.  4 m^).  The  sum 

2 2 d 2 

4179  ft  (388.  3 m ),  is  equal  to  n o -4,  where  Dq  is  the  nominal  diameter  of  the 
hypothetical  chute,  72.  945  ft  (22.  23  m).  Table  2 shows  an  opening  time  of  3.  5 sec- 
onds. Equilibrium  velocity,  -28.52  fps  (-8.69  mps),  is  reached  approximately  2.8 
sec  later,  thus  completing  Event  3c.  Opening  shock  is  slight,  only  about  1.  26  g. 

The  configuration  at  this  time  is  essentially  that  shown  on  Figure  9.  The  system 
is  now  ready  for  the  critical  balloon  extraction  event. 

In  the  assumption  above  no  consideration  was  allowed  for  possible  distortion 
of  the  drogue  as  it  became  partially  unloaded  during  the  free-fall  of  the  cryogenic 
unit  and  then  picked  up  the  whole  load  again  when  the  center  vent  pull  line  became 
taut.  It  was  treated  as  a stable,  fully  open  chute  throughout.  Likewise,  no  allow- 
ance was  made  for  the  likely  penetration  of  the  load  on  top  of  the  main  canopy  into 
the  opening-up  folds  of  that  canopy,  seriously  distorting  the  canopy  geometry  and 
normal  opening  characteristics.  Thus,  the  standard  reference  areas,  drag  coef- 
ficients, porosity  values  and  the  like,  used  to  get  the  values  shown  in  Table  2,  may 
have  to  be  multiplied  by  one  or  more  adjustment  factors  to  obtain  true  perform- 
ance values.  Since  factors  of  this  type  can  be  obtained  only  through  tests  such  as 
those  planned  at  El  Centro,  no  attempt  will  be  made  here  to  guess  at  what  they 
should  be. 

The  previously- mentioned  possibility  that  ballast  may  be  necessary  to  improve 
the  opening  performance  of  the  64  ft  chute  (main  canopy)  and  to  aid  the  ensuing 
balloon  extraction  process  is  another  factor  which  makes  vulnerable  the  velocities, 
times,  and  altitudes  shown  on  Table  2 for  the  completion  of  various  events.  On  the 
other  hand,  ballasting  may  help  to  eliminate  the  distortion  problems  suggested  in 
the  preceding  paragraph,  thereby  justifying  any  recomputations  that  its  use  may 
entail.  Even  if  no  ballast  weight  value  can  be  assigned  at  this  time,  it  can  be 
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SECONDARY 
LOAD  LINES 
(4) 


64  ft 

FLAT  CIRCULAR 
MAIN  CHUTE 

WITH  CENTER  VENT  PULL  LINE 
(INFLATION  HOSE  FROM  CRYO  UNIT 
TO  CANOPY  APEX  NOT  SHOWN) 
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HOSE 


Figure  8.  ALBS  Flight  Test:  Main  Chute 
Deployment 


Figure  9.  ALBS  Flight  Test:  Start  of 
Balloon  Extraction 
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Table  4.  Main  Canopy  Deployment  Calculations  (Selected  Values) 


Drogue 

Free  Felling  Cryo  Unit 

t 

(*tc) 

v 

fp» 

N 

lb 

II 

ft 

(fp«) 

(fps) 

AH 

(ft) 

TAHc 

(ft) 

II 

ft 

E AH/- 
-EAHC0 

.0 

-S8 . 90 

66 

7 

24072 

0 

-58.90 

0 

0 

0 

2 3872 

0 

.OS 

-57.26 

24069 . 1 

-60.51 

-59.71 

-2 . 985 

-2.985 

23869 . 0 

- . OSS 

. 15 

-54.47 

24063.51 

-8.49 

-63.78 

62.925 

-3.146 

-9.197 

2 3862 . 8 

- . 707 

. 25 

-52.18 

24058 . 1 8 

-13.82 

-66.95 

66.14 

-3.307 

-15.731 

23856. 3 

-1.911 

. 30 

-51.20 

24055.6 

- 16.40 

-68.56 

-67.76 

3.388 

-19.119 

2 3852.9 

-2.719 

1 .00 

43.70 

24022 .9 

-49.1 

-91.1 

-90.295 

4.5148 

-75.00 

23797 

-25.9 

1 . 50 

41.77 

24001.6 

-70.4 

-107.2 

-106.4 

-5  . 320 

-124 .58 

23747.4 

-54.18 

1 .55 

4 1.65 

23999 . 5 

-72.5 

-108.81 

-108.01 

-5.400 

-129.98 

2 3742.0 

-57.48 

1 .60 

-41.54 

23997.43 

- 74.5  7 

-110.42 

-109.62 

-5.481 

-135.46 

23736 . 5 

-60.89 

1 .65 

-41.43 

23995 . 36 

-76.64 

- 112.03 

-111.23 

-5.561 

-141.02 

2 37  31.0 

•64.38 

1.70 

-41.33 

23993.29 

-78.71 

-113.04 

-112.84 

-5.64 

-146.66 

2 3725.7 

-67.95 

i .75 

42.08 

14 

30 

23991 . 20 

80.8 

Legend 

1 . 80 

-42.79 

23989 . 08 

-82.92 

v 

Vertical  velocity 

1 . 85 

-43.48 

23986 .93 

-85.07 

k 

Height 

.90 

-44.15 

23984 . 74 

-87.26 

H 

Height 

. 95 

-44.79 

23982 .51 

89.5 

IAH 

Sum  o f 

ncrement 

al  height  changes 

2.00 

-45.40 

23980. 26 

-91.74 

0 

Drogue 

2.05 

-45.99 

23977.97 

-94.03 

C 

Cryogenics  Unit 

2.10 

-46.56 

23975.66 

-96  34 

t 

l lapsed 

time 

2.15 

-47.10 

23973. 32 

-98.68 

2.20 

-47.62 

23970.94 

-101.05 

Notes:  1.  Values  on  left  hand  side  (drogue)  are  extracted  fro*  the  event.  3a 

computation  , Appendix  A.  Values  on  the  right  side, 
cryogenic  unit,  are  based  on  the  free-fall  formulas  shown 
on  Table  3.  For  calculation  purposes  time  intervals  are 
0.05  sec.  throughout,  even  though  the  display  of  selected 
values  seems  to  indicate  longer  intervals. 

2.  The  far  right  column  (EAllQ-EAHp)  shows  the  difference  in 
distance  fallen,  at  a given  elapsed  time,  between  the 
drogue  - support ed  components  and  the  free-falling  cryogenic 
unit. 


3.  Free  fall  ends  when  EAlic-EAlip  equals  68  ft.,  which  is  the 
length  of  the  center  vent  pull  line.  The  drogue  then 
carries  the  full  load  again,  accelerating  towards  a new 
equilibrium  velocity.  At  t*2.20,  i.e.  1.70  ♦ .5  second, 
the  cryogenic  unit  is  assumed  to  have  slowed  to  the  drogue 
velocity.  That  velocity  becomes  the  initial  velocity  for  the 
main  chute  opening. 

4.  The  above  drogue  i n i t i a 1 - ve 1 oc i t v value,  -58.90  fps, 
was  arbitrarily  substituted  in  these  calculations 
for  the  -58.87  fps  value  shown  on  Table  2 for  the 
end  of  event  2b. 


assumed  that  a ballasted  system  will  fall  faster,  and  will  have  larger  opening 
shocks.  It  may  also  be  a more  predictable  system,  however,  in  terms  of  pre- 
venting excessive  downward  excursions  of  the  apex  load  and  of  achieving  the  de- 
sired drag  at  the  proper  time. 

These  qualifying  remarks  having  been  stated,  the  discussion  will  now  continue 
on  the  assumption  that  the  times  and  other  parameters  given  on  Table  2 are  reason- 
ably valid. 

3.3.5  BALLOON  DROP  EVENT  NO.  4.  ALBS  BALLOON  EXTRACTION 

A timer-generated  signal  will  now  fire  a second  Tenney  release  (Event  4a). 

Four  suspension  lines,  similar  to  those  released  from  the  carrier  balloon  in  Event  la 
will  thereupon  be  disconnected  from  the  drogue  extension  line  (Figure  9).  Just  prior 
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to  this  release,  the  drogue  was  supporting  a load  equal  to  the  product  of  the  total 
load,  1430  lb,  and  the  ratio  of  the  drogue's  effective  drag  area  ; to  the  total  effective 
drag  area  of  the  array: 

7^0 

1430  lb  (648.  65  kg)  X -^§3^3  or  339.  26  lb  (153.  88  kg). 

(The  remainder  of  the  load  (1430  lb  - 339.  26  lb  or  1090.  74  lb)  was  being  sup- 
ported by  the  main  canopy.  (1090.  74  lb  = 494.  76  kg).  ) 


REEFED,  UNINFLATED 
AL8S  BALLOON 


Figure  10.  ALBS  Flight  Test: 
Completion  of  Balloon  Extraction 


m/// 


*The  effective  drag  area  is  not  the  area  discussed  in  Section  3.  3.4,  normally 
referred  to  as  S , the  reference  area,  where  S = ir/4  Dq  . The  effective  drag  area 
is  the  product  ofthe  reference  area  and  the  parachute's  coefficient  of  drag,  Cq. 
Thus,  using  the  average  Co  values  of  0.78  and  0.75  for  the  drogue  and  main  para- 
chutes, respectively,  we  obtain  effective  drag  areas  as  follows: 

962.  11  ft2  X 0.78  = 750.45  ft2  (69.719  m2)  =(CnS  ) for  the  35  ft  diam.  drogue  chute 


9 9 2 

3216.  99  ft  X 0.  75  = 2412.  74  ft  (224.  15  m 


(C„S  ) for  the  64  ft  diam.  main  chute 


9 2 

<CDSo)  drogue  + (CdSq)  main  = 3163.  19  ft  (293.  86  m ) = <CDSo)  for  the  72.  945  ft 
diam.  combined  chute. 


riMMiii  1 
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With  the  release,  the  load  on  the  drogue  is  suddenly  (0.  5 sec)  reduced  to 
approximately  70  lbs  (31,75  kg)*  and  the  drogue  starts  to  decelerate  rapidly.  Main 
canopy  loading  jumps  to  1360  lb  (616.  9 kg),  causing  that  chute  to  accelerate.  The 
net  effect  is  that  the  two  parachutes  start  to  pull  away  from  each  other  vertically. 
However,  they  are  still  joined  loosely  by  the  accordion  packed  ALBS  balloon,  the 
top  of  which  is  attached  to  the  drogue  extension  line.  (The  base  of  the  balloon  is 
secured  to  the  main  canopy  apex.  ) Since  the  drogue,  even  though  decelerating,  still 
has  drag,  it  supports  the  top  end  of  the  ALBS  balloon,  thus  pulling  it  up  from  the  top 
of  the  main  chute.**  This  event  (4b)  requires  approximately  9 sec;  the  time  it 
takes  the  two  chutes  to  move  apart  by  102  ft,  which  is  the  length  of  the  special 
ALBS  balloon.  When  the  fully  extended  balloon  (Figure  10)  is  taut,  the  coupled  two- 
chute  array  is  in  effect  again  and  a new  equilibrium  velocity  is  attained  in  3 sec 
(-28.20  fps,  -8.  60  mps).  This  completes  Event  4c. 

3.3.6  BALLOON  DROP  EVENT  NO.  5,  BALLOON  INFLATION 

If  we  assume  that  the  uninflated  balloon  contributes  no  effective  drag  area,  that 

is,  is  treated  as  a connecting  line,  the  total  system  drag  area  is  the  same  as  it  was 

2 2 

before  the  extraction,  3163.  19  ft  (293.  86  m ).  The  drag  force  on  the  drogue  is 
then  339.  26  lb  (153.  88  kg)  and  that  on  the  main  chute  is  1090.  74  lb  (494.  76  kg). 


The  7 0 lb  (31.  7 5 kg)  load  is  based  on  the  assumption  the  drogue  now  supports 
only  10  percent  of  the  balloon  weight,  that  is,  10  percent  of  180  lb  plus  the  weights 
of  the  extension  line,  the  hardward  attached  thereto,  and  the  drogue's  own  weight. 
The  total  weight  of  these  other  items  is  52  lb.  This  load  will  increase  as  the  balloon 
is  pulled  out,  from  an  initial  70  lb  (18  + 52)  to  a final  232  lb  (180  + 52).  (In  metric 
values,  from  31.  75  kg  to  108.  235  kg.  ) A second  assumption  is  that  this  transfer  of 
load  will  occur  linearly  over  the  time  period  required  by  the  extraction  process. 

This  assumption  allows  programming  of  the  gradual  changes  in  speed  of  the  two 
chutes  and  calculation  of  the  time  required  to  extend  the  balloon  to  its  full  length. 

**The  sudden  unloading  of  the  drogue  at  Event  4a  introduces  once  more  the  type 
of  uncertainty  discussed  in  connection  with  main  chute  deployment.  The  drogue 
may  not  simply  decelerate,  that  is,  reduce  its  rate  of  descent.  It  may  even  move 
upward  and  become  distorted  as  its  suspension  lines  and  the  200-ft  extension  line 
relax.  Thus,  instead  of  a smooth,  linear-with-time  withdrawal  of  the  balloon  from 
its  storage  container  there  may  be  a series  of  uneven  pulls  and  possibly  some  later- 
al displacement  at  the  same  time.  The  reefed,  accordian-pleated  balloon  material 
is  expected  to  survive  a reasonable  amount  of  rough  treatment  in  this  regard,  but 
overall  system  stability  may  be  marginal.  The  El  Centro  tests  will  attempt  to  re- 
solve this  uncertainty  by  extracting  a simulated  ALBS  balloon  (a  1 02  - ft  length  of 
heavy  rope)  from  a container  on  top  of  the  main  canopy.  An  additional  complication 
with  respect  to  drogue  performance  is  the  fact  that  q,  the  dynamic  pressure,  quickly 
drops  to  a very  low  value,  0.  1 1 psf  (0.  537  kg/ irm).  Ideally  according  to  the  Para- 
chute Handbook,  q should  not  dip  below  0.  5 or  0.  3 psf  (2.  44  or  1. 46  kg/m?).  Even 
with  the  assumption  that  the  drogue  does  not  become  seriously  distorted  or  dis- 
placed at  Event  4a,  there  is  still  a question  of  whether  it  will  remain  inflated  at  such 
low  q values.  For  this  reason  a ring  slot  chute,  with  a lower  coefficient  of  drag 
(0.  55),  may  actually  be  a better  choice  as  a drogue  chute. 
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When  the  balloon  inflation  command  is  given  the  liquid  helium  in  the  cryogenic 
unit  is  converted  to  the  gaseous  state,  and  transferred  up  tc  the  waiting  balloon. 

The  gas  starts  to  flow  almost  instantaneously,  but  about  five  min  are  required  for 
complete  transfer.  During  this  time  the  AI.BS  array  loses  altitude  steadily,  but 
at  a decreasing  rate  of  descent. 

Two  interesting  and  interacting  physical  changes  occur  simultaneously  during 
the  inflation  process,  both  of  which  have  a pronounced  effect  on  the  dynamics  of  the 
event. 

i First,  as  the  gas  enter-  t h« • balloon  it  adds  buoyancy  (positive  lift)  neutraliz- 

ing some  of  the  weight  previously  supported  by  the  parachutes.  A steady  diminution 
of  system  weight  (Wg)  is  apparent  on  Table  5,  which  lists  changes  in  various  system 
< parameters.  (The  incremental  loss  of  Wg  is  matched  by  the  increase  in  vAL, 

buoyancy. ) 

A second  change  is  that  the  gas  bubble  formed  at  the  top  of  the  balloon  adds  to 
the  total  effective  drag  area  of  the  system  Table  5 shows  that  (C^-S^lg 

increases  throughout  the  inflation  process  until  the  drogue  cutaway  action.  At  that 
point,  there  is  a step  decrease  due  to  the  loss  of  for  the  drogue,  after  which 

there  is  a resumption  of  the  incremental  increases  in  system  effective  drag  area. 
(These  are  equal  numerically  to  the  increases  in  (CDSQ)g. 

The  increased  drag  area  associated  with  the  developing  gas  bubble  (C  dVb 
( serves  to  decrease  system  equilibrium  descent  velocity,  V . Additional  decelera- 

tion is  being  caused  simultaneously  by  the  increases  in  buoyancy  and  atmospheric 
density.  The  values  of  column  V reflect  the  combined  reductions.  It  is  to  be  noted 
t that  as  V ^ decreases,  q (dynamic  pressure)  also  decreases,  as  does  the  total  system 

drag  or  decelerating  force,  Dg.  * (There  is  a step  increase  in  q,  when  the  drogue 
is  cut  away,  but  the  decrease  soon  continues.  ) 

Table  5 shows  changes  in  system  parameters  over  fixed  intervals  of  height, 

200  ft.  (The  initial  values  of  altitude  and  system  equilibrium  velocity  entered  on 
the  table  are  essentially  those  of  the  drogue  chute  at  the  end  of  Event  4c.  ) At  is  the 
time  required  for  the  system  to  fall  through  each  200  ft  interval,  taking  into  effect 
the  decreasing  velocity  discussed  above.  Cumulative  time  values  are  shown  under 
column  7 At. 
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*The  actual  step-by-step  drag  forces  on  the  three  drag-developing  components, 
the  balloon,  the  drogue  chute  and  the  main  chute,  are  shown  in  columns  Dg,  Dy, 
and  Diyj  respectively.  Dg,  the  sum  of  those  three  columns  for  each  step,  equals  the 
corresponding  Wg.  (Dg  is  not  shown  separately  on  Table  5.  ) Note  that,  despite  the 
steady  increase  of  Dg,  the  sum  of  Dg,  Dq,  and  D[yj  decreases  in  step  with  \\  g. 

D,  drag,  is  a function  of  both  q and  the  effective  drag  area,  that  is,  D = q(Cj>S0). 
In  this  situation  the  decrease  in  q means  a decrease  in  total  system  drag  forces, 
despite  the  increasing  value  of  (CgS0)g,  because  of  the  predominant  effect  of  q,  which 
decreases  with  the  square  of  the  velocity  (q  = l/2o  \'2). 
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It  was  assumed  that  the  total  quantity  of  helium,  102  lb,  would  be  transferred 

linearly  with  time  over  300  sec  (5  min).  On  that  basis,  the  amount  transferred 

during  any  200  ft  interval  would  be  a function  of  At.  Whence,  AMHe  = At  • . 

For  example,  during  the  first  interval  on  Table  5,  the  amount  transferred  is 

1 02 

2.426  lb,  that  is,  7.  05  sec  X X 1,  012.  * This  quantity  appears  in  therAMHe 
column  which  is  a cumulative  record  of  the  helium  transferred.  When  the  quantity 
of  helium  (lb)  is  multiplied  by  the  appropriate  lift  to  mass  (L/M)  ratio  (lb  lift  per 
lb  of  mass)**  for  helium  the  amount  of  buoyancy  is  obtained.  Cumulative  values  of 
buoyancy  appear  in  the  vAL  column. 

The  density  of  helium  (at  250°K)  is  calculated  for  each  200  ft  altitude  increment 
by  the  program  used  for  Table  5.  This  density  value  is  divided  into  the  rAMHe  value 
to  obtain  the  volume  occupied  by  the  gas,  Vfe.  The  gas  volume  is  assumed  to  be  that 
of  a sphere,  whence  the  diameter,  dfe,  is  obtained  by  the  relationship  d here  = 

(V  — ) 1/3.  Knowing  the  diameter,  the  cross-sectional  area  (1^— ) is  obtained,  or  S 
This  is  then  multiplied  by  a value  of  0.  5 (CD  for  the  bubble)  to  give  us  (CuSq)r  or 
the  effective  drag  area  of  the  balloon.  <CDSo)R  in  turn  augments  the  value  of 
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*At  is  a function  of  the  system  velocity,  which  in  turn,  is  a function  of  the 
changes  being  generated  by  the  developing  gas  bubble.  An  educated  guess  (7.  05 
sec)  was  used  as  At  for  the  first  AMHe  calculation.  The  bubble  size  obtained 
therefrom  was  assumed  to  be  approximately  equal  to  the  actual  bubble  formed  during 
the  first  interval.  Using  the  aerodynamic  characteristics  of  the  svstem,  as  modif- 
ied by  the  presence  of  that  bubble,  an  "actual"  At  was  computed,  7.  13  second.  For 
the  second  AMHe  calculation  the  7.  13  sec  value  was  used  as  the  estimated  At, 
yielding  a AMHe  value  of  2.453  lb,  which  when  added  to  the  2.426  lb  from  the  first 
interval  calculation  yields  a v AMHe  of  4.  879  lb.  Because  the  system  is  slowing 
down,  the  At  values  are  increasing  with  each  interval.  Hence  the  use  of  the  pre- 
vious interval's  At  in  the  AMHe  calculation  leads  to  an  understatement  of  the  amount 
of  gas  transferred.  This  is  the  reason  for  the  use  of  the  empirical  correction  fac- 
tor, 1.  012,  to  insure  that  102  lb  of  helium  are  actually  transferred  when  vAt  = 300 
seconds. 

**The  lift  to  mass  ratio  is  obtained  by  dividing  the  specific  lift  of  gaseous  helium 
(density  of  air-density  of  helium)  by  the  density  of  helium.  Air  and  helium  densities 
were  separately  calculated  for  1000  ft  intervals,  assuming  an  air  temperature  vary- 
ing between  259  and  273°K  and  a constant  helium  temperature  of  250°K.  The  re- 
sulting L/M  ratios  are  shown  on  Table  5.  The  values  were  assumed  to  hold  con- 
stant throughout  the  1000  ft  interval  and  then  jump  to  a new  value.  This  assump- 
tion generates  slight  inaccuracies  but  the  values  obtained  are  considered  adequate 
for  the  purposes  of  this  report.  More  accurate  helium  densities,  calculated  for 
each  200  ft,  are  used  in  the  determination  of  the  volume  of  the  gas  in  the  bubble. 
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907.64  13439.39 
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876.00  14217.33 
857.75  14604.10 
839.19  114992.05 
820.56  15381.44 
806.28  15769.60 
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The  expanding  bubble  opens  up  the  reefing  sleeve  gradually  in  such  a way  that 

slack  material  is  protected.  Because  of  the  relatively  low  altitude,  the  size  of  the 

bubble  (dn)  remains  small,  reaching  a maximum  diameter  of  only  31  ft.  The 
14  3 

bubble  volume,  Vg,  approximately  16,  000  ft  , is  only  10  percent  of  the  fully- 
expanded  volume  at  float  altitude.  Moreover,  although  the  volume  is  increasing, 
the  rate  of  increase  is  slowed  by  the  effect  of  increased  atmospheric  density  as  the 
system  descends. 

At  some  point  the  drogue  must  be  cut  away,  both  to  eliminate  excess  weight  from 
the  system  which  must  rise  to  float  altitude  and  to  avoid  possible  entanglement  when 
the  drogue  becomes  very  lightly  loaded  and  subject  to  collapse.  Table  5 indicates 
that  the  drogue  is  cut  away  when  the  buoyant  lift  in  the  balloon  is  316  lb,  which  is 
more  than  enough  to  keep  the  balloon  upright  after  the  support  furnished  heretofore 
by  the  drogue  is  removed. 

The  inflation  is  complete  when  102  lb  of  helium  have  been  transferred  to  the 
balloon.  Table  5 indicates  that  the  final  height  is  approximately  16,  270  ft.  How- 
ever, since  the  reference  starting  height  was  related  to  the  altitude  of  the  now- 
missing drogue,  the  altitude  of  the  balloon  is  approximately  200  ft  lower  or 
~ 16,  070  ft.  The  completion  height  has  been  entered  as  16,  000  ft  on  Table  2. 

3.  3.  7 EVENTS  6 and  7 BALLOON  SEPARATION  and  ASCENT 

It  was  stated  earlier  that  102  lb  (46.  27  kg)  of  He  were  needed  to  lift  575  lb 
(260.  82  kg)  and  to  provide  10  percent  free  lift  besides.  Using  a L/M  ratio  of  6.  245 
for  He  (based  on  equal  air  and  gas  pressures  and  temperatures)  102  lb  of  helium 
will  provide  636.  99  lb  of  lift  (288.  94  kg).  This  is  more  than  the  575  + 57.  5 or  632.  5 
lb  (286.  90  kg)  required.  However,  Table  5 indicates  that  the  total  lift  at  the  end  of 
Event  5 is  just  above  57  5 lb,  which  means  that  there  is  very  little  free  lift.  This  is 
a result  of  the  250°K  temperature  assigned  to  the  gas,  vs  the  259  to  273°K  range 
assigned  to  the  atmosphere.  * (The  air  temperatures  are  typical  of  the  White  Sands 
Missile  Range  (WSMR)  environment  (medium  values).  ) Note  that  the  L/M  ratios 
entered  on  Table  5 are  all  below  6.  245. 


*The  assumption  that  the  temperature  of  the  gas  remains  constant  at  250°K  is 
conservative.  There  are  two  processes  in  effect  to  warm  the  gas:  (a)  the  transfer 
of  thermal  energy  from  the  balloon  envelope  as  it  is  warmed  by  solar  and  terrestial 
radiation  and  by  contact  with  the  ambient  air,  and  (b)  the  adiabatic  warming  of  the 
gas  (4°K/1000  ft)  as  it  descends.  These  factors  have  not  been  computed  because 
of  the  impossibility  of  knowing  the  precise  temperature  of  the  gas  as  it  enters  the 
balloon  any  point  during  the  inflation  process.  The  250°K  figure  is  an  estimated 
average  instantaneous  temperature  of  the  gas.  It  may  very  well  be  too  low,  in 
which  case,  buoyancy  is  enhanced.  A model  is  being  developed  to  take  these  pro- 
cesses into  account  and  it  will  be  incorporated  into  the  program  at  a latr  ate. 
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The  message  here  is  clear  relative  to  the  planned  balloon  drop.  If  warm  air 
temperatures  are  expected,  the  amount  of  helium  used  must  be  increased  slightly 
or  the  gross  load  must  be  decreased,  in  order  to  preserve  free  lift.  Assuming 
that  the  necessary  precautions  are  taken  and  that  there  is  adequate  free  lift,  sepa- 
ration of  the  balloon  and  its  payload  will  occur  when  the  balloon  restraining  cable 
is  severed  (Figure  11).  The  balloon  will  ascend  to  float  altitude  at  a rate  of  rise 
of  approximately  800  fpm  (Figure  12).  Ascent  time  should  be  about  68  minutes. 

The  main  canopy  and  the  cryogenic  system  will  descend  to  the  ground  at  WSMR 
in  about  12  min  with  a terminal  velocity  of  approximately  17  fps. 

4.  OTHER  EVENTS 

< 

This  paper  has  examined  the  mid-air  deployment  and  inflation  sequences  of 
the  ALBS  system  in  great  detail.  Other  events,  for  example,  launch  of  the  carrier 
balloon,  cutdown  and  recovery  of  the  ALBS  balloon  and  payload,  are  important  to 
the  success  of  the  overall  test  program,  but  they  will  not  be  covered  here.  Those 
events  are  believed  to  involve  standard  procedures. 

Similarly  no  details  will  be  given  of  the  command  and  control  systems,  sensors, 
4 and  telemetry  packages  which  must  be  employed  to  insure  test  success  and  to  pro- 

j vide  adequate  diagnostic  data.  While  the  systems  to  be  employed  for  these  pur- 

* poses  will  require  custom  planning  they  will  be  made  up  for  the  most  part  of 

standard  flight  communications  and  control  devices.  The  author  is  heavily  depen- 
dent on  his  colleagues  at  AFGL  for  assistance  in  these  vital  areas. 

3.  SUMMARY  AND  CONCLUSIONS 

The  Air  Launched  Balloon  System  development  history  has  been  traced  and  the 
circumstances  leading  up  to  the  tests  now  in  planning  have  been  described.  The 
theoretical  performance  of  a typical  deployment  system  has  been  analyzed  using  a 
number  of  stated  assumptions  and  employing  programs  developed  for  this  purpose. 
Contingency  arrangements  (for  example,  use  of  ballast)  and  their  impact  have  also 
been  discussed.  Data  presented  indicate  that  the  ALBS  concepts  are  basicallv 


j sound  but  require  experimental  verification  to  insure  optimum  component  selection, 

j'  Such  verification  is  the  anticipated  result  of  the  tests  planned  in  the  Fall  of  197  6 at 

5 El  Centro  and  in  the  Spring  and  Summer  of  1977  at  WSMR. 


Figure  11.  ALBS  Flight  Test:  Completion 
of  ALBS  Balloon  Inflation  (Balloon  and  pay- 
load  start  to  pull  away  from  main  canopy) 


Figure  12.  ALBS  Flight  Test:  ALBS 
Balloon  and  Payload  Ascent,  Main  Chute 
and  Cryogenic  Unit  Descent 
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Subsequent  to  the  presentation  of  this  paper  two  major  engineering  changes 
were  made  in  the  ALBS  test  system  configuration  which  should  be  brought  to  the 
attention  of  the  reader.  It  suggested,  however,  that  the  paper  be  read  through  as 
written  before  the  reader  attempts  to  incorporate  the  changes  into  his  understanding 
of  the  problem. 

The  first  change  involves  the  distribution  of  weight  on  the  main  canopy.  In  the 
new  configuration  only  the  balloon  and  its  protective  soft  pack  will  be  mounted  at 
the  main  canopy  apex.  The  other  components  (communications  relay,  ballast 
command/ control  instrumentation)  will  be  positioned  below  the  main  canopy  just 
above  the  cryogenics  unit.  (The  reader  is  asked  to  examine  Figure  7b,  and  mental- 
ly to  rearrange  components  as  suggested  above.  A soft  pack  should  be  substituted 
for  the  aluminum  framework.  ) 

This  weight  redistribution  provides  a more  favorable  ratio  of  apex  weight  vs 
bottom  weight  and  eliminates  the  need  for  ballast  mentioned  in  the  main  text.  To 
accomplish  this  weight  change  the  method  of  recovering  the  cryogenic  unit  had  to 
be  revised.  The  cryogenic  unit  will  now  fall  away  from  the  payload  at  the  base  of 
the  main  chute  and  will  descend  on  its  own  parachute,  which  will  have  been  packed 
until  this  point.  The  main  chute  will  collapse  when  the  balloon  starts  its  ascent  and 
it  will  be  carried  to  balloon  float  altitude  with  the  payload  suspended  beneath  it. 
Later  on,  it  will  serve  as  the  recovery  chute  for  the  payload  when  the  balloon  flight 
is  terminated.  (The  reader  is  asked  to  compare  the  description  above  with  the 
concepts  depicted  on  Figures  11  and  12  and  to  make  the  necessary  visualization 
changes. ) 

The  second  change  is  in  the  choice  of  parachutes.  The  drogue  chosen  for  the 
initial  FT  Centro  tests  will  be  a .3 2 -ft  diameter  ring  slot  chute.  The  main  chute  will 
be  a 42 -ft  diameter  ring  sail  chute.  It  is  believea  that  the  more  favorable  dynamic 
pressures  obtainable  with  this  chute  combination  will  enhance  system  performance. 
(Other  parachute  arrays,  including  a cluster,  are  under  consideration  as  backup 
systems  in  the  event  that  the  preferred  array  is  shown  to  be  unsuitable.  ) 

As  a result  of  the  above  changes  the  numerical  values  listed  in  Table  2 and  the 
supporting  tables  are  obsolete  in  part.  New  values  have  been  computed  using  the 
same  basic  procedures,  and  they  will  assist  in  test  planning.  (They  will  not  be 
given  here.  ) 

Because  of  the  changes  and  because  of  administrative  delays  in  effecting  a 
working  agreement  between  the  Air  Force  Flight  Test  Center  and  the  Air  Force 
Geophysics  Laboratory  the  flight  test  program  at  El  Centro  has  been  delayed  by 
two  months  and  will  now  commence  in  January  1977. 
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Abstract 


Blunt  probes  for  measuring  polar  electrical  conductivity  have  been  flown  on 
the  recent  series  of  STRATCOM  balloon  experiments.  Although  the  instrument  has 
primarily  been  employed  with  rocket  systems,  it  has  been  found  useful  for  studying 
ionization  processes  in  the  stratosphere  when  flown  on  balloon  platforms.  The  three 
most  recent  STRATCOM  balloon  flights  launched  from  Holloman  Air  Force  Base,  New 
Mexico  floated  in  different  altitude  regions  of  the  stratosphere.  These  made  possi- 
ble the  study  of  conductivity  and  its  associated  variability  at  relatively  fixed  al- 
titudes of  48  km  (September  18,  1972),  28  km  (May  22,  1974)  and  39  km  (September 
23-25,  1975).  Another  function  of  the  blunt  probe  was  to  measure  the  ionization 
effects  caused  by  an  ultraviolet  lamp  which  was  operated  for  designated  time  periods 
during  the  balloon  flights. 

In  conjunction  with  the  balloon  flight  on  May  22,  1974,  a rocket-launched  par- 
achute-borne blunt  probe  experiment  was  conducted  from  nearby  White  Sands  Missile 
Range,  New  Mexico,  thus  providing  an  altitude  profile  for  electrical  conductivity  to 
supplement  the  data  obtained  from  the  balloon-borne  instrument.  General  agreement 
was  observed  between  the  rocket  data  and  the  corresponding  balloon  measurements. 
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1.  INTRODUCTION 


Blunt  probe  experiments  for  measuring  electrical  conductivity  in  the  strato- 
sphere have  been  conducted  on  the  recent  series  of  STRATCOM  (Stratospheric  Compo- 
sition) balloon  flights  launched  from  Holloman  Air  Force  Base,  New  Mexico.  In 
addition  to  providing  useful  information  about  ionization  processes  in  the  strato- 
sphere, the  blunt  probe  electrical  conductivity  measurements  have  been  observed  to 
be  influenced  by  temperature,  sunrise  conditions  and  vertical  motions  of  the  balloon 
package . 

The  three  balloon  flights  which  will  be  discussed  in  this  paper  are  the 
STRATCOM  III,  STRATCOM  V and  STRATCOM  VI  balloon  flights.  The  STRATCOM  III  balloon 
package  was  launched  on  September  18,  1972  and  reached  a float  altitude  of  48  km. 

The  launch  dates  for  the  STRATCOM  V and  STRATCOM  VI  balloon  flights  were  May  22, 

1974  and  September  23,  1975,  respectively;  and  their  respective  float  altitudes  were 
28  km  and  39  km.  A summary  of  the  flight  parameters  for  these  three  balloon  experi- 
ments is  given  in  Table  1. 

Table  1.  Flight  Parameters  for  the  STRATCOM  Balloon  Experiments 


2.  THE  BLUNT  PROBE  EXPERIMENT 

The  blunt  probe  uses  a flat  plate  collector  geometry  for  charged  particle  col- 
lection. By  applying  a known  voltage  waveform  to  the  collector  and  measuring  the 
corresponding  current  of  collected  charged  particles,  it  is  possible  to  determine 
the  polar  electrical  conductivity  of  the  atmosphere  [Hale  and  Hoult  (1963);  Hale 
(1967)].  The  principal  launch  vehicle  for  the  blunt  probe  has  been  the  meteorolog- 
ical rocket,  which  carries  the  payload  to  apogee  and  then  ejects  it  on  a parachute. 
This  form  of  experiment  is  particularly  useful  for  studying  the  altitude  dependence 
of  electrical  conductivity  in  the  lower  mesosphere  and  stratosphere.  In  the  recent 
STRATCOM  series  of  balloon  flights,  however,  the  blunt  probe  has  been  found  useful 
for  studying  electrical  conductivity  and  its  associated  variability  when  flown  on 
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balloon  platforms. 

For  the  STRATCOM  III  balloon  flight,  the  blunt  probe  (see  Figure  1)  was  oper- 
ated in  conjunction  with  an  ion  mass  spectrometer  experiment  conducted  by  Sandia 

o 

Laboratories  and  a Lyman-a  ionization  lamp  (1216  A).  The  ionization  lamp  was 

located  to  the  side  of  the  mass  spectrometer  with  its  beam  directed  across  the  front 

of  the  aperture.  The  blunt  probe  was  positioned  obliquely  in  the  path  of  the  lamp's 

beam  on  the  other  side  of  the  mass  spectrometer,  and  thus  was  used  both  to  monitor 

the  lamp's  operation  and  to  study  the  lamp's  ionization  effects  on  the  stratosphere. 

For  the  more  recent  STRATCOM  V and  STRATCOM  VI  balloon  flights,  the  blunt 

probe  was  flown  in  a different  configuration  (see  Figure  2)  in  which  a krypton  dis- 

o 

charge  ionization  lamp  (1236  A)  was  positioned  beside  the  blunt  probe.  In  addition, 
a Gerdien  condenser  experiment  for  measuring  electrical  conductivity  was  also  lo- 
cated beside  the  krypton  discharge  lamp.  These  particular  instruments  were  extended 
Dn  a horizontal  arm  approximately  one  meter  from  the  rest  of  the  scientific  package 
to  reduce  stray  field  effects  possibly  induced  by  other  instruments  on  the  package. 
The  probe's  collector  was  oriented  downward  to  avoid  possible  photoemission  from  its 
surface.  In  this  particular  instrument  configuration,  the  blunt  probe  was  also 
operated  in  conjunction  with  the  krypton  discharge  lamp  in  order  to  monitor  the 
lamp's  ionization  effects  on  the  stratosphere. 


3.  ELECTRICAL  CONDUCTIVITY  DATA 
3.1  STRATCOM  III  Balloon  Right 

A graph  of  the  blunt  probe  conductivity  data  for  the  STRATCOM  III  balloon 
flight  is  plotted  in  Figure  3 as  a function  of  local  time.  The  positive  and  nega- 
tive conductivity  values  are  represented  by  plus  and  minus  signs,  respectively.  The 
time-averaged  values  for  electrical  conductivity  are  also  shown  in  the  figure  and 
have  been  connected  by  straight  line  segments.  The  upper  curve  in  the  figure  is  a 
plot  of  the  balloon's  altitude  as  a function  of  time. 

The  balloon  package  was  launched  at  0304  MST  on  September  18,  1972.  The  nota- 
tion "0-2"  at  0439  MST  represents  two  independent  measurements  of  c+  and  o , both  of 
which  were  negligible  in  value.  In  general,  the  conductivity  data  obtained  during 
ascent  while  the  Lyman-a  lamp  was  off  indicated  that  the  probe  did  not  collect  ions 
while  operating  in  the  wake  of  the  rising  balloon  package. 

The  Lyman-a  lamp  was  operated  for  designated  time  intervals  while  the  balloon 
ascended  and  during  the  sunrise  period  while  the  balloon  was  at  float  altitude 
(Z  - 48  km).  The  nonzero  electrical  conductivity  measurements  obtained  prior  to  0700 
MST  are  thought  to  be  associated  with  ionization  induced  by  the  lamp. 
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Figure  2.  STRATCOM  VI  Blunt  Pi  • xpei  men!  (shown  with  the 
krypton  discharge  ionization  lamp  and  the  f-erdfon  condenser) 
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Figure  3.  STRATCOM  III  Electrical  Conductivity  Data 
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Figure  A.  Balloon  (float  altitude)  and  Parachute-Borne  Blunt 
Probe  Electrical  Conductivity  Measurements 


At  0545  MST,  which  corresponds  to  ultraviolet  sunrise,  the  blunt  probe  was 
observed  to  shift  in  potential  resulting  in  the  data  going  off  scale.  Such  behavior 
- s explainable  by  photoeinission  from  the  probe  if  it  is  operating  in  a relatively 
charge-free  environment.  This  would  further  suggest  the  presence  of  a wake  effect 
on  the  ascending  instrument  resulting  from  its  close  proximity  to  the  scientific 
package.  Recovery  from  the  probe’s  shift  in  potential  was  first  observed  at  0611 
MST,  some  18  minutes  after  the  balloon  reached  float  altitude. 

The  Lyman-a  1 imp  was  not  operated  on  this  flight  after  0700  MST.  For  the 
float  altitude  data  obtained  after  this  time,  the  positive  and  negative  electrical 

conductivity  values  were  observed  to  be  somewhat  variable.  The  positive  conduct iv- 
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itv  values  were  generally  in  the  range  of  1 to  4 x 10  mho/cm  and  as  a wThole,  were 
smaller  than  representative  rocket-launched  parachute-borne  blunt  probe  conduct iv- 
itv  values  for  that  altitude.  These  comparatively  smaller  conductivity  values  are 
possibly  attributed  to  a reduction  in  positive  ion  mobility,  resulting  from  the 
positive  ions  hydrating  with  outgassed  water  vapor  from  the  balloon  package  to  form 
large  cluster  ions.  The  negative  electrical  conductivity  values,  which  were  ini- 
tially smaller  than  the  corresponding  positive  conductivity  measurements,  were 
observed  to  build  up  in  value  until  the  balloon  was  cut  dovm  at  0845  MST.  After  cut: 
down,  the  positive  and  negative  electrical  conductivity  measurements  became  compar- 
able and  fell  off  in  value  as  the  probe  descended  on  a parachute. 

3.2  Rocket- Launched  Parachute- Borne  Blunt  Probe  Measurements 

In  conjunction  with  the  STRATCOM  V balloon  flight,  a parachute-borne  blunt 
probe  was  launched  from  nearby  White  Sands  Missile  Range,  New  Mexico  at  1115  MST  on 
May  22,  1974.  This  particular  experiment  provided  an  altitude  profile  for  electri- 
cal conductivity,  thus  supplementing  the  measurements  from  the  balloon-borne  blunt 
probe . 

Electrical  conductivity  data  from  the  rocket  experiment  were  obtained  from 
approximately  70  km  down  to  20  km  and  are  shown  in  Figure  4.  The  points  represent 
actual  conductivity  measurements  with  smoothed  curves  fitted  to  the  data  points  as 
shown.  Also  included  in  this  figure  are  the  ranges  of  representative  float  alti- 
tude positive  conductivity  values  for  the  three  STRATCOM  balloon  experiments.  With 
respect  to  the  rocket  data,  the  value  for  negative  electrical  conductivity  above  40 
km  is  considerably  larger  than  the  correspond inc  positive  electrical  conductivity 
value  for  the  same  altitude.  The  steep  gradient  in  the  curve  for  negative  electri- 
cal conductivity  at  approximately  45  km  suggests  the  altitude  above  which  electrons 
are  present  in  the  daytime  [Mitchell  and  Hale  (1973)1*  The  curve  for  positive  elec- 
trical conductivity  shows  little  altitude  dependence  in  the  50  to  60  km  altitude 
region,  with  a knee  at  approximately  65  km  indicating  the  altitude  at  which  ioniza- 
tion caused  by  solar  ultraviolet  radiation  becomes  significant. 


Below  40  km,  there  is  no  distinguishable  difference  between  the  positive  and 
negative  electrical  conductivity  values  at  a given  altitude.  The  altitude  depen- 
dence for  electrical  conductivity  in  the  20  to  40  km  altitude  region  is  approxi- 
mately inversely  proportional  to  that  for  neutral  number  density,  thus  suggesting 
that  the  dominant  loss  process  for  positive  and  negative  ions  is  three-body  ion-ion 
recombination.  At  28  km,  which  is  the  STRATCOM  V balloon’s  float  altitude,  the 
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parachute-borne  blunt  probe  measured  an  electrical  conductivity  value  of  4.5  x 10 
mho /cm. 

3.3  STRATCOM  V lialloon  Might 

The  blunt  probe  flown  on  the  STRATCOM  V balloon  experiment  was  launched  on  May 
22,  1974  at  0122  MST.  The  probe  configuration  was  the  same  as  that  shown  in  Figure 
2 for  the  STRATCOM  VI  instrument  package.  A graph  of  the  electrical  conductivity 
data  measured  by  this  blunt  probe  is  given  in  Figure  5.  The  plus  signs  represent 
positive  electrical  conductivity  measurements;  the  minus  signs,  negative  electrical 
conductivity  values;  and  the  dots  represent  those  measurements  for  which  there  was 
no  distinguishable  difference  in  value  between  positive  and  negative  electrical  con- 
ductivity. Float  altitude  for  the  balloon  package  was  approximately  28  km,  as  can 
be  seen  from  the  upper  curve  which  is  a plot  of  altitude  versus  local  time.  The 
solid  lines  below  this  curve  connect  time-averaged  values  of  the  positive  and  neg- 
ative electrical  conductivity  data  when  the  lamp  was  off. 

The  electrical  conductivity  measurements  at  float  altitude  for  the  lamp  off 
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were  typically  in  the  range  of  3 to  4 x 10  mho/cm.  At  1132  MST  (the  time  when 

the  parachute-borne  blunt  probe  was  also  at  28  km),  a representative  value  for  elec- 
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trical  conductivity  was  3.5  x 10  mho/cm,  which  was  within  25%  of  the  value  mea- 
sured by  the  parachute-borne  blunt  probe. 
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In  general,  the  electrical  conductivity  measurements  above  5 x 10  mho/cm 
correspond  to  those  times  when  the  krypton  discharge  ionization  lamp  was  on.  If  one 
assumes  that  the  enhancements  in  positive  electrical  conductivity  caused  by  the  ion- 
ization lamp  are  predominantly  associated  with  the  photoionization  of  nitric  oxide 
[Croskey  (1976)]  and  that  a flow  velocity  of  2 m/s  is  representative  of  the 
balloon's  vertical  motion,  an  order  of  magnitude  calculation  for  the  nitric  oxide 
concentration  will  yield  a value  of  10^  cm  This  value  is  very  tentative; 
however,  it  is  felt  that  the  results  demonstrate  that  the  experiment  is  feasible  at 
this  altitude  from  a measurement  sensitivity  standpoint. 

The  decrease  in  electrical  conductivity  beginning  at  approximately  1400  MST 
corresponds  to  the  time  when  the  balloon  was  descending.  The  altitude  dependence  of 
electrical  conductivity  during  descent  was  in  good  agreement  with  the  corresponding 
data  obtained  by  the  parachute-borne  blunt  probe. 
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3.4  STRATCOM  VI  Balloon  Might 


The  electrical  conductivity  measurements  for  the  STRATCOM  VI  balloon  experi- 
ment are  shown  in  Figure  6.  The  lower  two  curves  on  the  graph  represent  time- 
averaged  values  for  electrical  conductivity  measured  by  the  blunt  probe  when  the 
krypton  discharge  lamp  was  off.  The  upper  curve  shows  the  balloon's  altitude  as  a 
function  of  time. 

The  balloon  was  launched  at  2257  MST  on  September  23,  1975.  The  first  conduc- 
tivity measurements  were  obtained  at  2345  MST  (Z  ^ 11  km),  at  which  time  the  value 
for  electrical  conductivity  was  approximately  0.8  x 10  ^ mho/cm.  The  negative 
electrical  conductivity  values  for  the  balloon  flight  were  generally  larger  than  the 
corresponding  positive  electrical  conductivity  measurements,  thus  suggesting  that 
the  negative  ions  were  comparatively  more  mobile  than  the  positive  ions.  This  was 
particularly  evident  during  the  ascent  and  float  phases  of  the  flight  where  the  neg- 
ative-to-posit ive  electrical  conductivity  ratio  was  typically  a factor  of  two. 

The  positive  electrical  conductivity  values  while  the  balloon  was  at  float 

altitude  (Z  % 39  km)  showed  less  variability  than  the  negative  electrical  conductiv- 
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itv  values  and  were  typically  in  the  range  of  2 to  4 x 10  mho/cm.  These  positive 
conductivity  values  are  representative  of  daytime  rocket-launched,  parachute-borne 
blunt  probe  data  (see  Figure  4) . The  agreement  between  the  float  altitude  positive 
conductivity  data  and  the  corresponding  parachute-borne  blunt  probe  measurements  was 
generally  better  for  the  probe  configuration  used  on  the  latter  two  STRATCOM  balloon 
flights . 

In  conjunction  with  the  blunt  probe  experiment,  a krypton  discharge  ionization 
lamp  was  cycled  on  and  off  during  designated  periods  of  the  flight.  Enhancements  in 
positive  electrical  conductivity  of  typically  a factor  of  two  to  three  were  observed 
when  the  lamp  was  on.  (These  data  are  not  shown  in  the  figure.)  The  corresponding 
increases  in  negative  electrical  conductivity  were  considerably  larger.  The  larger 
negative  electrical  conductivity  values  when  the  lamp  was  on  suggest  that  possibly 
some  free  electrons  were  created  by  the  lamp. 

The  balloon  first  began  to  descend  at  approximately  1000  MST  on  September  24. 
During  the  descent,  the  electrical  conductivity  measurements  decreased  in  value, 
with  the  decrease  for  negative  electrical  conductivity  being  significantly  more 
noticeable.  From  approximately  1500  to  1900  MST  while  the  balloon  was  still  slowly 
descending,  the  values  for  the  negat ive-to-posi t ive  electrical  conductivity  ratio 
ranged  from  1.3  to  1.5,  which  are  in  general  agreement  with  the  negat ive-to-posi tive 
ion  mobility  ratio  for  light  ions.  After  2000  MST,  the  balloon  began  to  ascend  and 
again,  the  curves  for  negative  and  positive  electrical  conductivity  started  to 
increase  and  diverge.  This  divergence  in  the  tvo  conductivity  curves  was  charac- 
teristic of  the  ascent  and  float  phases  of  the  flight  and  continued  until  the 
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Figure  5.  STRATCOM  V Electrical  Conductivity  Data 
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Figure  6.  STRATCOM  VI  Electrical  Conductivity  Data 


scientific  package  was  cut  down  at  approximately  0900  MST  on  September  25. 


I.  DISCISSION 

Blunt  probe  measurements  obtained  on  balloon  platforms  are  particularly  useful 
for  studying  variations  in  electrical  conductivity.  Specifically,  temperature  var- 
iations, sunrise  variations  and  the  altitude  dependence  of  electrical  conductivity 
will  now  be  considered. 

Previous  studies  using  midlatitude,  daytime  positive  electrical  conductivity 
and  temperature  data  from  rocket  experiments  have  shown  a strong  correlation  between 
these  two  parameters  [Cipriano,  Hale  and  Mitchell  (1974)].  This  is  particularly 
true  in  the  48  to  58  km  altitude  region  where  the  temperature  coefficient  for  posi- 
tive conductivity  is  typically  4%/°K. 

In  studying  the  variability  associated  with  the  balloon  positive  conductivity 
measurements  at  float  altitude,  it  is  also  helpful  to  consider  the  correspond ing 
balloon  air  temperature  measurements.  Time-averaged  values  of  positive  conductivity 
versus  air  temperature  at  float  altitude  are  plotted  for  the  STRATCOM  III  data  in 
Figure  7.  Only  conductivity  measurements  attributable  to  background  ions,  i.e. 
those  not  associated  with  ionization  caused  by  the  Lyman-ot  lamp,  were  considered  in 
this  graph.  The  temperature  coefficient  deduced  from  a straight  line  fit  to  the 
data  points  is  nominally  25%/°K,  which  is  approximately  six  times  the  value  pre- 
viously determined  from  the  parachute-borne  blunt  probe  data  for  this  altitude 
[Cipriano  et^  al^.  (1974)].  The  strong  temperature  dependence  for  positive  conduc- 
tivity is  thought  to  be  at  least  partly  a mobility  effect  in  which  temperature  is 
influencing  the  degree  of  clustering  of  the  hydrated  positive  ions.  If  in  fact  the 
ions  collected  by  the  balloon  instrument  are  larger  hydrated  ions  attributed  to 
water  outgassed  from  the  balloon  package,  the  corresponding  higher  temperature 
coefficient  would  sug  est  that  the  rate  of  clustering  for  the  larger  hydrates  is 
more  temperature  dependent. 

For  the  STRATCOM  V positive  conductivity  data  at  float  altitude  (7.  * 28  km),  the 
conductivity  variations  were  also  observed  to  correspond  to  changes  in  atmospheric 
temperature.  The  temperature  coefficient  for  the  balloon  conductivity  data  at  this 
altitude,  however,  was  typically  2%/°K.  This  lower  value  is  comparable  to  the  tem- 
perature coefficient  deduced  from  the  daytime  parachute-borne  blunt  probe  data  for 
the  altitude  region  [Cipriano  e_t  £l . (1974)]  and  would  indicate  that  positive  con- 
ductivity is  a considerably  less  temperature  dependent  parameter  at  this  lower 
altitude. 

A progressive  build-up  in  positive  ion  conductivity  in  the  stratosphere  di  ring 
sunrise  has  recently  been  observed  in  parachute-borne  Gerdien  condenser  and  blunt 
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probe  data  obtained  at  White  Sands  Missile  Range,  New  Mexico  [Mitchell,  Sugar  and 
Olsen  (1976)].  Enhancements  in  conductivity  were  measured  down  to  30  km,  but  were 
most  noticeable  between  45  and  50  km  where  an  overall  build-up  of  an  order  of  mag- 
nitude was  observed  for  a change  in  solar  zenith  angle  from  90°  to  53°.  These  con- 
ductivity enhancements  are  thought  to  be  primarily  associated  with  increases  in 
positive  ion  mobility,  possibly  resulting  from  the  photodissociation  of  larger  posi- 
tive ions  into  smaller,  more  mobile  ions. 

Since  the  blunt  probe's  collector  for  the  STRATCOM  III  flight  was  not  directed 
vertically  downward,  solar-induced  photoemission  during  sunrise  caused  the  instru- 
ment to  briefly  shift  in  potential  resulting  in  the  data  going  off  scale.  For  the 
STRATCOM  V and  STRATCOM  VI  flights,  the  downward-oriented  probe  had  a sun  shield 
over  the  collector  and  therefore  sunrise  data  were  obtained.  Knhancements  in  both 
positive  and  negative  electrical  conductivity  were  observed  in  the  float  altitude 
sunrise  data  for  the  STRATCOM  VI  balloon  flight.  For  the  STRATCOM  V conductivity 
data,  no  appreciable  increase  in  value  was  observed  at  sunrise,  thus  indicating  that 
the  sunrise  effects  did  not  persist  down  to  this  lower  float  altitude. 

The  altitude  dependence  for  electrical  conductivity  in  the  stratosphere  is 
probably  best  demonstrated  for  all  three  STRATCOM  flights  by  the  data  obtained  after 
cut  down.  For  all  three  of  these  flights,  the  electrical  conductivity  measurements 
were  observed  to  fall  off  in  value  after  the  scientific  package  was  cut  down  and  was 
descending  on  a parachute.  The  measurements  after  cut  down  for  the  STRATCOM  VI  ex- 
periment are  represented  by  the  dots  in  Figure  8.  The  curve  in  this  figure  is  part 
of  the  parachute-borne  blunt  probe  conductivity  profile  shown  in  Figure  4. 

Electrical  conductivity  data  on  the  STRATCOM  VI  experiment  were  obtained  from 
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37  km  down  to  1 7 km,  with  a value  of  approximately  2 x 10  mho/cm  measured  at  the 
tropopause.  No  distinguishable  differences  were  observed  between  the  corresponding 
values  for  negative  and  positive  electrical  conductivity.  The  altitude  dependence 
for  the  data  in  this  region  is  inversely  proportional  to  that  for  neutral  number 
density.  This  is  consistent  with  previously  obtained  parachute-borne  blunt  probe 
conductivity  data,  as  demonstrated  in  Figure  8.  This  form  of  altitude  dependence 
is  indicative  of  the  lower  stratosphere  in  which  the  loss  process  for  positive  and 
negative  ions  is  predominantly  three-body  ion-ion  recombination. 

5.  CONCLUSIONS 

In  summary,  hlunc  probe  conductivity  experiments  have  been  flown  on  the  recent 
series  of  STRATCOM  balloon  flights  launched  from  Holloman  Air  Force  Base,  New  Mexico 
to  study  ionization  processes  in  the  stratosphere.  These  experiments  were  found  to 
be  particularly  useful  for  studying  conductivity  variations  associated  with  temper- 
ature, sunrise  conditions  and  altitude. 
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Figure  7.  STRATCOM  III  Positive  Electrical 
Conductivity  (float  altitude,  time-averaged) 
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Figure  8.  STRATCOM  VI  Descent  and  Parachute-Borne 
Blunt  Probe  Electrical  Conductivity  Measurements 
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The  float  altitude  conductivity  measurements  were  in  general  agreement  with 
previously  obtained  rocket -launched  parachute-borne  blunt  probe  data,  particularly 
for  the  STRATCOM  V and  STRATCOff  V'T  flights  where  the  blunt  probe  was  extended  hori- 
zontally on  an  arm  from  the  rest  of  the  scientific  package. 

During  certain  periods  of  the  flights,  an  ultraviolet  lamp  was  operated  in 
conjunction  with  the  blunt  probe  experiment  in  a configuration  such  that  the  probe 
was  used  to  study  the  lamp's  ionization  effects  on  the  stratosphere.  Appreciable 
enhancements  in  both  positive  and  negative  electrical  conductivity  were  observed  on 
all  three  flights  when  the  lamp  was  on. 

After  the  scientific  package  was  cut  down  and  was  descending  on  a parachute, 
the  blunt  probe  experiment  was  used  to  obtain  an  altitude  profile  for  electrical 
conductivity.  The  altitude  dependence  for  electrical  conductivity  was  observed  to 
be  in  good  agreement  with  measurements  from  previously  obtained  rocket-launched 
parachute-borne  blunt  probe  experiments. 
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Abstract 

Ideasurements  of  HC1  and  i.'Ox  constituents  have  been  made  from  a stratos- 
pheric balloon  gondola  by  absorption  spectro.  etry  at  sunset. 

A grille  spectrometer  is  associated  with  a sun  pointing  system.  The  number 
density  profile  between  20  and  35  1cm  of  each  constituent  is  deduced  from  the 
spectra  obtained  at  different  zenith  angles.  Simultaneous  measurements  of  two  or 
three  minor  atmospheric  components  help  to  understand  stratospheric  photoche- 
mistry. 

1.  INTRODUCTION 

measuring  the  number  density  of  numerous  minor  stratospheric  constituents 
is  a good  method  for  assessing  the  hazard  introduced  by  the  ozone  layer  pollu- 
tion. 

It  is  known  that  this  ozone  layer  which  shields  the  earth  from  UV  solar 
radiation  is  thinner  tnan  expected  from  the  Chapman  cycle.  A catalytic  process 
can  explain  that  some  minor  constituents  are  responsible  for  the  loss  of  ozone 
and  lead  to  a lower  than  expected  mean  equilibrium  ozone  number  density. 

The  CIO  compounds  produced  by  the  photodissociation  in  the  stratosphere 
of  man-made  freons  together  with  the  h*0x  compounds  mainly  provided  by  the  oxi- 
dation of  natural  can  react  with  O3  and  explain  so.-.e  destruction  processes. 

It  is  therefore  important,  first  to  know  the  natural  concentration  of 
minor  constituents  and  to  explain  their  sources,  then  to  monitor  the  evolution 
of  this  concentration  with  a view  to  protect  the  stratosphere  from  some  possi- 
ble man  produced  degradation. 

For  instance,  Rowland,  Silencer  and  ..lolina  have  recently  assumed  the  exis- 
tence of  some  reactions  involving  NO^  and  Ci 0 , and  leading  to  the  formation  of 
chlorine  nitrate  CluNO^  that  would  const. tute  an  appreciable  temporary  chlorine 
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VBSORPTIOM  SPECTROMETRY  FROM  BALLOON  PLATFORMS 


The  interest  of  high  altitude  observation  platforms  nas  not  to  be  de:.  on 
trated.  They  allow  the  study  of  the  stratosphere  striking  out  cloudt  and  high 
pressure  levels.  A number  of  in  situ  analysis  have  been  ;..ade  in  this  way  for 
more  than  10  years.  ...ore  and  t ore  sensitivity  is  per:,  ittec  by  tne  technical 
evolution  of  the  measurement  methods,  fro::,  sampling  (shna.lt,  1574),  chemilu- 
minescence (fiidley  et  ai,  1574)  to  resonance  techniques  (jatei  et  ai,  157v  ; 
Anderson,  1975)* 


Any  kind  of  in  situ  measurement  is  any.vay  generally  accompanied  by  some 
practical  drawbacks,  essentially  the  danger  of  pollution  by  the  facility  itself 
(the  pumping  system)  chiefly  when  unstable  compounds  are  concerned. 

Spectrometric  methods  avoid  this  pollution  threat  ...nee  the  analysis  cell 
is  the  atmosphere  itself.  Lar,  ely  used  by  i.urcray  et  al  (it  74)  end  Ackerman  et 
al  (1972  - 1975)  both  by  emission  and  absorption  infrared  spectroscopy  at  sur.sel 
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Figure  l a.  General  layout  of 
the  experiment 
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Figure  1-b.  Total  number  of  atmospheric  molecules  on  the 
optical  path  as  a function  of  sun  elevation  angle  for  an 
altitude  Z 30  km. 


Figure  1-c.  Difference  between  the  balloon 
altitude  Z and  the  height  of  thegra/mg  ray 
M as  a function  of  sun  elevation  angle 
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3.  TECHNICAL  DESCRIPTION  OF  THE  EXPERIMENT 
3. 1 Pointing  System 


.:.e  sunlight  is  ..  uintained  in  t..e  iirec:_on  of  the  instrument  by  ear.s  of 
' -e  . o.r/.n.j  sister.,  ./hose  accuracy  is  batter  arc  ate. 

{ Li  zed  platforms  rave  been  . se  : . both  the  balloon 

used  as  reference  frame. 

~ - - ® three— ax  s itabiui  e . rondo  la  allov/s  the  or Len tatic 
f • - •-  * - sun  irection.  Phe  acquisition  c the  sun  . s obtain  . wit 

.Tie  tome:  :r  a..i  a myrosccme,  ani  _ rojra:  ei  before  tie  f.i  :.t.  They  lc:-.  :eter- 
:r.e  a . - ::ed  a:  s reierrei  to  t..e  earth.  fine  po.ntinj  is  acuieved  en  the  sun 
* -;  ira  . . :a  t-.e  field  of  vie-.v  of  two  : hotoelec trie  sensors.  The  sijuu-s  fro:.. 

electors  control  the  three-axis  orientation.  Torques  are  provided  by 
...ertial  v.meels  lesaturated  by  means  of  moving  masses. 

- . .e  • eniular  p.atfor  allows  a rough  azimuthal  orientation  by  means  of 
.3..  eo  itrol s the  vertical  pivot,  Alien  this  ointing  is  achie— 
vet  a .vur.  * racier  .s  activated  lor  elevation  acquisition  of  the  sun.  Tier:  it 
.tl  j t e :'.r.e  : oir.t  .r.m  by  . earns  of  sun  sensors  : these  contro.  a mirror  that 
rt‘  - ’ • £ - • ra."s  along  the  fixed  axis  of  the  rectro  eter,  .counted  vert i— 
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3.2  Spectrometer  (Figure  2) 
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PRIMARY  MIRROR  Ip  30  cml 


Figure  2.  Optical  scheme  of  the  balloonborne  spectrometer. 

D — InSb  detector  R1  — Pre-dispersing  grating 

L.F.  — Lens,  filter  R2  — Chief  grating 

G — Grille  M — Off  axis  mirror  (F  = 600  mm) 


It  is  a grille  monochromator  associates  with  a 3u  cr..  Cassegrain  telescoje. 
The  4 or.  image  of  the  sun  is  for.  eti  on  ti  o 1 *5  x 1 ,5  or  grille.  In  this  way , a 
th.r.  atmospheric  layer  oar.  be  analysed  at  a tiir.e.  The  focal  length  of  the  gra- 
ting monochromator  is  6c  or:.. 

The  scanning  of  a narrow  spectral  interval  is  obtained  by  the  oscillatory 
rotation  of  the  grating.  Three  interferential  filters  can  be  automatically  in- 
terposed on  the  optical  axis  for  selecting  three  different  orders  of  the  ra- 
cing. The  optical  alignment  is  servo  controlled  inside  the  spectrometer  in  ora* 
to  maintain  the  instrumental  perforr.tir.ee  compensating  the  mechanical  deforma- 
tions. 

The  detector  is  cooled  my  solid  nitrogen  ; photovoltaic  In  Sc  or 
gold  doped  germanium  or  mercury  cadmium  teliuride  can  alternately  be  used.  The 
resolved  spectral  interval  Aff  is  ind.eated  or.  figure  3 as  a function  of  the 
..ave  number  gl  . The  weight  of  the  spectro:  eter  is  oC  l:g  and  its  size  is  acout 
ICO  ::  -C  7.  70  cm.. 
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3.3  Synoptic  Diagram  of  the  Pendular  Kxperiinent 
( Ki (jure  4 ) 

During  the  ascent  of  the 
uallocn  the  pointing  system  is 
idle  while  the  spectrometer  is 
functioning,  scanning  on  the 
sky  background  the  spectral  in- 
tervals chosen  for  the  experi- 
ment. The  a.  ir.uthal  acquisition 
can  be  remotely  switcced  on 
f rom.  the  ground . when  the  sun 
is  seen  by  the  large  field  azi- 
muthal sensor  ( 1 ) , It  is  cente- 
red by  the  rotation  of  the  ver- 
tical pivot  (i)  $ a two-axis 
fine  tracking  system  (by  means 
of  sun  sensors  (j))  is  then  re- 
m.oteiy  switched  or.  and  operates 
through  the  motors  (4).  .Vhen 
the  sun  light  reaches  the  de- 
tector (J)  the  spectral  analy- 
sis is  performed  and  the  re- 
sulting signal  is  sent  to  the 
ground  sy  telemetry  (6). 


Figure  3.  Resolved  spectral  interval 
as  a function  of  wavenumber. 


Figure  4.  Schematic  view  of  the  pendular  experiment 

1 - Sun  sensor  with  large  field  of  view 

2 — Vertical  pivot 

3 - Fine  sun  sensor 

4 - Sun  tracker  motors 

5 - Infrared  detector 

6 - Telemetry  transmitter. 
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4. 1 Measurement  Method 


The  identification  oT  the  acsor..  moi 

t J . ■ : ' 

major  ati:.oc.  heric  component 
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i'ho  i-.uafi  '.i  lative  evaluation  c.'  t:.e  amount  of  as- 


sorting t,'2*8  Is  based,  on  t*.e  measured  equivalent  v.iati: 
cross  section  S i s known,  t .e  equivalent  .viutr.  for  an 
compu  ed  fron  the  expression  ; ^ ^ 
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absorption  crocs  section 
wave  number 
spectral  interval 
tei:  perature 
pressure 
nutter  density 
path  3 enght h 

is  the  profile  function  varying  from  a Lorentz  to  a lo.jier 
shape  when  altitude  increases. 

By  splitting  the  at.-osphere  into  thin  homogeneous  la0  ort  w the  uouve  ex- 
pression can  be  generalised  for  a direction 


/ 


a<t 


i 


h •- 


\ 1 -e 


h ^ 1 'J 


)a  * 


t\( 

J 


The  £.t:..osj:.eric  coi.centrution  profile  is  then  inverted  s.ep  •-  step  star— 

.1 

fro::.  t:.e  top  o.  ti.o  &t:..os] .:.ere  with  two  r.ei.i  ir.c.1  ant/le  (<  r.v:.r  yv  , ana 
then  coir.*;  lo  ver  anu  lo.ver. 

V.hen  the  absorption  cross  section  o ..us  :.ot  :een  previously  n.easured  it 
is  only  possiole  to  oo:  pare  tue  equivalent  width  oi  n line  va  tii  tno  sate  line  i 
a specific  laboratory  experiment.  The  iniiuei.ee  oi  pressure  an.:  tei. . err.ture  c-.n- 
not.  be  exactly  taken  into  account  ami  the  result  is  less  accurate.  It  is  actual- 


ly the  case  for  KNO 
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Figure  5.  Portion  of  recording  vs  time 
of  the  solar  radiation  partially  absorbed 
by  the  atmosphere  on  13  May  1974 
Time  is  running  from  the  right  to  the 
left.  The  spectral  region  of  the  5*2  pm 
NO  band  is  scanned.  Then,  the  inver 
sion  of  the  motion  of  the  grating  takes 
place.  Simultaneously  the  voltage  call 
bration  sequence  marked  CAL  is  initia- 
ted and  the  filter  wheel  is  rotated  to 
select  the  spectral  range  in  the  6*2  pm 
NO., band  that  is  further  scanned.  CO,, 
H,Q,  NO  and  NO,  lines  are  dentified 


Wavenumber 


Solar  absorption  features  are  also  indicated.  The  NO  lines  at  1914*933  cm  1 and  at  1920*715  cm'1  appear  to  be  unconta 
minated  by  any  absorption  and  give  equivalent  width  in  agreement  with  each  other.  The  first  has  been  preferred  for  the 
interpretation  since  it  is  more  intense  and  has  been  observed  in  May  1973  and  in  May  1974. 
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Figure  6.  Number  density  of  NO  vs  altitude 
obtained  by  the  inversion  process  The  diffe- 
rences between  the  values  obtained  in  May 
1973  and  in  May  1974  is  outside  the  uncer- 
tainty limit  discussed  in  the  text.  They  re 
late  not  only  to  the  abundances  but  also  to 
the  shape  of  the  vertical  distributions. 


Number  density,  cm' 


Figure  7.  Number  density  of  NO,  vs  altitude  obtained 
by  the  inversion  process.  The  results  are  in  good  agree 
ment  with  the  values  reported  by  Ackerman  and  Muller 
(1972,  1973)  and  by  Fontanella  et  al  (1974)  They 
are  lower  than  those  obtained  by  Brewer  et  al.  (1973). 


Because  of  tl.e  fast  conversion  of  IJG  into  110  at  sunset,  tie  out  relevant 
result  concerns  tl.e  out.  cf  number  densities  of  Ku  and  110^  (figure  Oj . 

These  measurements  have  emphasised 
some  irr.j.o rtant  features  : 

- the  large  variation  of  the  HO  number 
density  profile  as  a function  of  ti;.  e,  as 
seen  ir.  figure  6 $ 

- -„i.e  value  of  tne  ::.ean  apparent  volu- 
me nixing  ratio  above  20  kr.  which  : s equal 
to  5. 1C  ' ; 

- the  presence  of  a maximum  at  about 
27  km  in  the  vertical  distribution  of  the 
sun  of  the  number  density  of  the  two  species 

Number  density,  cm'*  KO  and  i> 0^ , 


Figure  8.  Stratospheric  concentration  of  NO*  NO. 


The  KC1  concentration  profile  has  been  measured  in  September  1975  and  1-ay 
1976.  The  altitudes  of  the  balloon  were  respectively  35  and  31  km.  In  Lay  1976) 
the  ascent  of  the  balloon  was  too  slow  and  the  ceiling  was  not  reached  at  sun 

occultation.  For  this  reason,  the  pro- 
cessing of  the  spectra  did  not  yield  a 
good  accuracy  above  30  kir. . 

nevertheless  it  appears  that  the 
number  density'  at  this  altitude  is 
about  two  tin  es  less  than  during  the 
September  1975  flight. 

Figure  9 shows  the  inverted  profile, 
The  spectral  analysis  of  other 
stratospheric  components  such  as  KF, 
CK,C1  is  planned  for  the  next  future. 
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FARMER  et  al  1975 


Figure  9 Volume  mixing  ratio  computed  from  the  observed 
number  densities  of  HCI  and  from  the  total  atmosphpnc 
densities  taken  from  the  Mi-Latitude  Spring/ Fall  model  of 
the  U.S.  Standard  Atmosphere  Supplements.  1966  versus 
altitude.  The  stratospheric  aircraft  measurements  of  Farmer 
et  al.  (1975)  are  also  shown. 
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5.  CONCLUSION 

The  typical  experiments  uescri Led  in  this  paper  am  their  results  show 
that  a great  .eul  of  information  about  the  stratospheric  photoci.emistiy  has  Deer, 
obtained,  in  the  last  few  years,  from  balloon  flights.  kven  if  tne  interest  of 
experimenters  will  shift  partly  during  the  next  decade  towards  the  use  of  orbi- 
tal platforms,  -.'/hi cl  are  more  suited  to  stratospheric  monitoring  of  pollutants, 
the  ro.e  of  balloon  fiigr.ts  may  be  of  ; rimary  inport ance  for  solving  specific 
problems  or  ohecking  new  iieas  in  the  field  of  atmospheric  pho  t c chemi at  ry . 
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28.  The  Heavy  Lift  Airship—  Potential,  Problems,  Plans 


A.E.  Munierand  L.M.  Epps 
Grumman  Aerospace  Corporation 
Bethpage,  New  York 


Abstract 

Heavy  lift  airships  could  significantly  reduce  the  cost  and  time  now  required  to  transpprt  and  emplace 
heavy  oversize  payloads,  both  civil  and  military.  In  addition,  they  could  make  practical  many  tasks  now 
considered  impractical,  thereby  opening  up  highly  beneficial  new  opportunities  of  national  importance 
such  as  resource  development  in  remote  regions  and  new  construction  methods  for  various  facilities. 

To  realize  these  potential  benefits,  the  airships  economic  and  technical  problems  must  be  solved. 
Modestly  supported  federal  government  R&D  programs  are  needed  to  confirm  the  economic  benefits  and 
provide  technical  developments  in  specialized  areas  to  reduce  risks  sufficiently  to  attract  the  large  sums  of 
venture  capital  needed  to  develop  and  operate  the  system 

These  issues  are  discussed  using  as  a model  a heavy  lift  airship  system  capable  of  VIOL  transportation 
and  emplacement  of  up  to  1000  ton  payloads. 

Special  attention  is  given  to  the  need  to  ensure  safe  flight  and  ground  operations  during  adverse 
weather  by  defining  major  technical  problems,  such  as  aerodynamic  load  distribution,  new  hull  composites, 
structural  dynamics,  integrated  control  and  stabilization  subsystem,  etc.,  and  suggesting  plans  for  their 
solution. 

The  authors  conclude  that  the  potential  benefits  of  heavy  lif  t airships  are  much  too  large  to  ignore  and 
recommend  that  government  and  industry  attack  the  problems  now  blocking  full  scale  development  of 
heavy  lift  airships  with  imagination  and  a sense  of  urgency. 


I.  INTRODUCTION 

Airships  appear  to  be  coming  back  for  another  try.  and  there  is  no  shortage  of  ideas  for  missions  Ref. 
( 1 ) described  71  missions,  of  which  15  are  passenger  and  general  cargo  missions.  32  are  “unique”  missions 
involving  heavy  outsize  cargo,  and  24  arc  military  missions  Nor  is  there  any  shortage  of  innovative  design 
concepts,  ranging  from  simple  technology  updates  of  past  designs  to  radical  changes  in  size,  shape. 


fSUrSi  « c.  ■ 


s 


arrangement,  propulsion,  construction,  etc  Rcl  (2>  lists  18  fully  buoyant  design  concepts,  ol  which  '*  arc 
rigid.  semi-rigid  and  (>  non-rigid,  and  21  partially  buoyant  concepts,  ol  which  13  are  SIOl  and  8 are 
V IOL  . tor  a total  ol  dilierent  design  concepts 

I he  large  number  ol  missions  and  design  concepts  leads  one  to  believe  that  there  ought  to  be  at  least 
one  good  combination  that  will  resurrect  airships  Should  this  occur,  history  has  demonsiiatcd  that  .i 
successful  new  product  will  find  many  applications  and  design  variation-  \ Jnevmg  the  initial  success  is  the 
ditficult  step 

loday.  airship  protagonists  seem  to  be  in  the  same  position  as  the  characters  nt  I xlubit  I We 
certainly  have  some  "great  ideas”  and  now  all  we  need  is  r-.  raise  the  money  and  pertorm  the  engineering 
developments  to  work  out  the  “details  " Neither  o!  these  tasks  is  easy,  and  we  are  laced  with  a ( atcli  __ 

l xlubit  I Current  Situ. itioi  \nalogy 


'GREAT  IPEA  - MOW  ALL  WE  NEEP  (9 
MONEY  AN?  WE  ENGINEERING  RETAILS" 

situation  investors  will  not  put  up  front  end  money  unless  they  can  be  reasonably  sure  the  concepts  are 
technically  sound  anil  the  missions  economically  productive,  and  without  money  the  information  needed  to 
convince  potential  investors  cannot  be  developed  It  the  government  becomes  convinced  that  national 
benefits  could  be  substantial,  it  could  break  the  “Catch  22"  roadblock.  By  providing  seed  money  and 
support  for  further  technical  development  & economic  assessments,  risks  can  be  reduced  to  acceptable 
levels,  thereby  paving  the  way  for  raising  the  much  larger  sums  ot  money  required  lor  system  development 
and  deployment. 

The  authors  have  reviewed  the  various  missions  for  airships  and  concluded  that  the  heavy  lilt  mission 
offers  the  best  opportunity  to  capitalize  on  the  airship's  unique  capabilities  I -m  example,  heavy  iitt  airships 
could  significantly  reduce  the  cost  and  time  now  required  to  transport  and  emplane  many  current  payloads 
both  civil  and  military  In  addition,  they  could  make  practical  many  tasks  now  considered  impra.iu.il  I Ins 
cou lil  open  up  highly  beneficial  new  opportunities  such  as  resource  development  in  remote  regions  and  new 
construction  methods  lor  electric  generating  plants  and  other  complex  facilities  I urtheimorc.  initial 
estimates  indicate  the  potential  benefits  to  the  country  are  very  great  and  deceive  strong  governmental 
support  to  break  the  "Catch  22"  roadblock 
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this  paper  lias  the  following  objectives 

I.  lo  point  out  the  incentives  for  government  support  ol  heavy  lilt  airships  by  describing  their 
potentials  m terms  of  the  most  promising  missions  and  the  benefits  that  could  accrue 
lo  define  the  major  problems  that  must  be  solved  to  ensure  technical  and  economic  success 
thereby  paving  the  way  for  development  and  deployment  of  a heavy  lift  airship  system. 

3.  To  suggest  plans  whereby  the  government  and  industry  can  solve  the  problems 
The  paper  will  use  as  a model  an  Airborne  Heavy  I ill  Transportation  System  (AMT  I Si  that  is  capable 
of  VIOL  transportation  and  emplacement  o!  payloads  up  to  1000  toils.  The  missions,  design  concepts,  and 
feasibility  lor  this  system  were  developed  during  the  past  two  years  by  Cirununan  Aerospace  Corporation. 
Combustion  Engineering.  Inc.  & Gilberl  Associates,  Inc.,  with  special  assistance  by  Sheldahl  Advanced 
Products  Division  on  the  hull  structure.  It  should  provide  a realistic  base  for  discussing  issues  of  interest  to 
both  government  and  industry. 


2.  POTENTIALS 


2.1  General 

Much  has  been  written  about  the  potential  uses  for  airships,  but  there  is  little  information  that 
quantifies  the  benefits  and  makes  a compelling  case  for  airship  development  Rather  than  enumerate  the 
many  potential  uses  and  benefits,  this  paper  will  focus  on  a few  specific  missions  that  seem  to  offer  large 
calculable  payoffs,  using  the  aforementioned  AHLTS  us  a model. 

2.2  Description  of  the  Airborne  Heavy  Lift  Transportation  System  (AHLTS) 

In  conjunction  with  Combustion  Engineering,  Inc.,  a design  reference  mission  was  first  established 
based  on  transporting  Nuclear  Steam  Supply  System  (NSSS)  components,  a task  which  was  becoming 
increasingly  difficult  and  expensive  due  to  the  trend  to  locate  new  power  plants  inland  from  navigable 
water.  Forecasts  of  the  demand  for  new  nuclear  power  plants,  the  percent  requiring  inland  transportation, 
and  a breakdown  by  size  and  weight  of  the  major  NSSS  components  were  used  to  develop  market  size  and 
payload  criteria.  Reference  3 discusses  this  problem  and  supplies  pertinent  data.  A forecast  of  the 
distribution  of  new  plants  within  the  various  power  regions  of  the  U S A was  used  to  establish  factory  to 
field  site  distances.  Current  and  forecast  overland  transportation  problems  were  then  reviewed  and  a 
preliminary  answer  made  to  the  question,  “why  an  airborne  system?",  as  shown  in  I x.  In  hit  > 3 Ac  ' 

The  system  concept  selected  is  summarized  in  Exhibit  4 and  the  resulting  design  in  shown  in  I xluhits 
5,  i'  and  7 Airship  characteristics  are  summarized  in  Exhibit  s and  design  features  foi  sate  operation  arc 
shown  m Exhibit  l>.  Although  our  design  reference  mission  was  based  on  transport  im:  NSSS  components,  it 
is  evident  that  the  AHL  IS  could  he  used  to  transport  other  types  of  power  plants  an  l n't  hea\\  oversi/e 
payloads  applicable  to  many  industries. 
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I \luhit  c urrent  A I orecast  Overland  transportation  Problems 

Overland  I rails  porters 

l urge  **( aterpillaT’  type  machines  required 

Planning  and  Preparation  is  C ostly  A Complicated  since  one  must 

• Make  surveys  to  determine  obstacles  and  load  limitations  on  candidate  unties 

• Select  prime  candidates 

• Obtain  right  o!  way  permit  from  highway  dept 

• Make  provisions  lor  removing, 'by  passing  obstacles,  shoring  bypassing  bridges  and 
roads,  etc 

Move  is  slow,  costly  and  disruptive  of  other  surface  activity 

• Average  operating  speed  I mph 

• Cost  S5  to  $ 20  per  ton  mile 

• Traffic  slowed  and  business  activity  interrupted 
Schnabel  Cars 

Special  3b  axle  ears  required  for  biggest  loads 
Planning.  Preparation  and  move  is  costly  and  complicated 

• Similar  to  overland  transporter;  must  be  limited  to  major  railways  and  10  mph 
average  speed.  Terminal  spur  lines  must  be  constructed 

Long  barge  trips  may  be  required  tor  both  modes  to  reach  transfer  point 
Intermodal  transfers  avid  to  above  complication 


Exhibit  V Why  an  Airborne  System  1 


Airborne  system  is  last  and  uncomplicated: 

Provides  direct  delivery  from  factory  loading  site  to  any  construction  site  at  over  50 
kts  ground  speed 
Eliminates  long  barge  trips 
Eliminates  intermodal  transfers 
Could  save  time  and  money 

C ould  open  up  new  sites  now  unfeasible  because  of  surface  transportation  eontraints 


Exhibit  4:  System  C oncept 
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o hully-buoyant  airship  with  vectorable  thrust 
Provides  VTOl.  capability 
o Modular  Design  3 units  + I extra 
Provides  maximum  utilization 

• Small  payloads  (up  to  334  tons)  will  use  single  module 

• large  payloads  (334  to  1000  tonst  will  use  clustered  modules 
Represents  a reasonable  extension  to  the  state-of-the-art 

o Non-rigid  hull  with  stabilizing  fins 
Simple  design  and  construction 
Safe,  forgiving  structure 
Less  expensive  construction  and  maintenance 
o Large,  suspended  gondola 

Provides  airship  stability 

Efficiently  distributes  dead  weight  loads  to  hull 
Facilitates  in-flight  coupling  of  modules 
Effectively  houses  crew,  equipment  and  controls 
o Capability  to  weather  storms 
In-flight 

• Gusts  up  to  50  ft/sec  (any  direction) 

• llp/down  drafts  of  2600  ft/min 
On  ground 

• Airship  operable  and  on  mooring  mast:  up  to  hurricane  winds 

• Airship  inoperable  and  tethered  at  overhaul  base:  up  to  100  mph  crosswind 
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I xlubtt  7:  3-Module  Configuration 
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Exhibit  8:  Airship  Characteristics 


MIRING 


-MOORING 

LINE'S 


Hull  Volume:  25  MCF 
Ballonet  Volume:  (2)6  MCF  each 

Gross  Weight:  1 ,216.000  lb  (Excluding  203.000  lb  of  Helium  + Ballonet  Air) 
Payload:  714.000  lb 
Pressure  Altitude:  10.000  It 

Power  Plant:  (6)  T64-GE10  Turbo  Props  ( I 3.470  shp  S.L..  Std.  NRP) 

6 F.ng  5 Eng  4 Eng 

V'c  nuse-  KTS  l9<>"'  NRP)  72  67  62 

Rate  of  Climb;  Descent  4.000  ft/min  (S  L);  2.100  ft, min  (5000  ft) 

Fuel:  63.000  Ih 
Range:  1000  n mi 
Endurance:  70  hours  at  30  Kts. 

Landing  Velocity:  0.5  ft/sec  (nominal) 

4.0  ft/sec  (maximum  for  shock  absorber  design  I 
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I xhibit  Design  I eatures  lor  Sale  Operation 


o Ample  Reserve  Power 

Minimizes  exposure  time  to  environmental  uncertainties 
Overcomes  severe  up  and  down  drafts  m thunderstorms  &.  line  squalls 
Provides  adequate  margins  lor  vertical  landing  & takeoll 
o Structural  integrity  under  severest  environmental  conditions 
Non-rigid  hull  to  prevent  catastrophic  failures 
Ample  strength  to  withstand  severe  turbulence 
o Adequate  control  tor  entire  flight  regime 

Sensitive  instrumentation  to  anticipate  flight  path  deviations  (altitude,  attitude 
direction ) 

C omputer  to  provide  instantaneous  corrective  signals  to  controls 

Ample  control  power  lor  rapid  correction  (c.g  large  control  surface-.  in  propeller 
slipstream,  powerful  ballonet  blowers  and  large  ballonet  valve-.) 
o Inherent  stability  for  transient  disturbances  (e  g . gusts) 

Suspended  gondola  provides  large  restoring  forces.  

2.3  Design  Reference  .Mission  (DRM)  Benefits 

The  work  described  in  section  2.2  provided  the  basis  lor  determining  quuntative  heneli!'  .1  the 
All  ITS  lor  the  DRM.  This  was  accomplished  by  an  economic  analysis  in  which  the  cost  to  surface 
transport  29  NSSS's  lo  15  inland  sites  throughout  the  country  was  compared  with  the  cost  to  transport 
them  by  the  AULTS  Combustion  Engineering  provided  cost  dala  lor  the  current  method,  i e..  barge  land 

1 

transporters,  and  Schnabel  car. 

Grumman  then  calculated  AULTS  costs  parametrically,  using  as  the  principal  variable  the  annual 
utilization,  expressed  as  block  time  hours  per  year.  The  block  time  included  non-flight  activity  such  as 
pre-flight  preparation  and  loading,  unloading  and  re-supply  at  the  site  and  post  flight  securing  at  the  staging 
base.  A deadhead  return  flight  was  assumed. 

The  cost  estimates  covered  all  direct  and  indirect  operating  cost  elements  as  given  in  the  Air  Transport 
Associations  Standard  Method  for  Turbine  Power  Transport  Airplanes,  including  amortization  ot 
development  and  production  costs  for  four  airship  modules  over  a 20  year  period  at  12  interest  per 
annum.  An  operator  markup  of  25' > of  total  cost  was  added  to  the  AHLTS  costs  to  provide  a 20'  gross 
margin  of  profit  on  sales.  Exhibit  10  shows  the  net  savings  per  year,  and  indicates  that  when  the  AHLTS 

delivers  between  19  and  20  systems  per  year,  it  is  competitive  with  current  surface  transportation. 

Assuming  an  annual  utilization  of  3000  block  hours  per  year.  33.6  systems  could  be  delivered  with  savings 
of  between  2 I and  30  million  dollars  per  year  or  between  400  and  600  million  dollars  over  its  estimated  20 
year  lifetime.  One  complete  AHLTS  (4  modules)  could  deliver  the  forecast  production  of  NSSS 
components  now  requiring  overland  transportation. 

In  addition  a number  of  indirect  benefits  could  be  realized,  such  as  less  disruption  ol  surface  traffic 
and  business  activity,  reduced  environmental  pollution,  and  savings  in  energy  resources,  delivery  time,  etc 


Exhibit  10:  AH  L I'S  Savings  Per  Year 
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2.1  Benefit*  of  l sing  Ole  XIII.TS  for  \«lrl if ional  Missions 

2.4  l (.1  NERAL 

Hie  initial  AIU  I S investigation  convinced  us  that  the  system  was  technically  feasible  and  that  it  could 
produce  substantial  savings  for  the  design  reference  mission  We  then  presented  the  results  to  the  NSSS 
industry  and  others  for  their  reaction  and  support.  Once  they  overcame  their  initial  scepticism  that  such  a 
system  was  feasible,  its  capability  to  transport  large.  1000  ton  payloads  stimulated  their  thinking  and 
brought  forth  a number  of  new  ideas.  The  results  of  these  discussions  are  summarized  in  the  following 
sub-sections,  and  illustrate  some  of  the  many  benefits  that  are  possible  by  using  the  AHLTS  tor  additional 
missions  or  functions 

: 4.:  INCREASE  IN  ( HOK  E Of  POWER  PLANT  SITES 

As  indicated  earlier,  there  is  a distinct  trend  to  locate  new  power  plants  inland  from  navigable  waters. 
This  trend  is  caused  by  the  high  cost  and  other  problems  associated  with  water  front  property  as  discussed 
in  ref.  4.  At  present,  selectors  of  inland  sites  must  consider  how  and  at  what  cost  the  NSSS  and  other  heavy 
equipment  can  be  delivered  by  surface  transportation  modes.  The  direct,  airborne  delivery  ol  large  heavy 
units  made  possible  by  the  AHLTS  prompted  the  unanimous  comment  that  it  could  greatly  expand  the 
choice  of  sites,  since  many  now  considered  unfeasible  due  to  surface  transportation  constraints  could 
become  feasible  with  the  AHLTS  Although  not  calculated  it  is  evident  that  additional  benefits  could  be 
realized,  such  as  lower  real  estate  costs,  less  impact  on  the  environment  and  vested  interests,  and  lower 
construction  costs  due  to  more  favorable  construction  conditions. 

2 4 4 EMPLACEMENT  OF  NSSS  COMPONENTS 

Once  NSSS  components  are  delivered  to  the  site,  they  must  be  emplaced  within  the  containment 
building  by  special  cranes  and  involved  techniques.  Since  the  cost  of  emplacement  runs  around  S500.000 
per  system,  it  was  suggested  that  we  investigate  the  possibility  of  using  the  AHLTS  as  a crane.  We  then 
developed  a preliminary  design  concept  and  operating  techniques  which  indicated  that  precise  emplacement 
of  the  NSSS  components  was  within  the  state-of-the-art  and  would  probably  save  additional  time  and 

money.  However  lack  of  funds  prevented  i fuller  development  of  the  technical  approach  and  a quantitative 
assessment  of  the  economic  payoff. 

2.4.4  INCREASE  IN  SHIPPING  ENVELOPE  SIZE. 

One  group  pointed  out  that  some  large  equipment  requires  disassembly  before  shipment  to  conform 
with  road  or  rail  shipping  limitations.  The  current  procedure  involves  assembly  and  test  at  the  factory, 
disassembly  and  packing  for  shipment,  and  then  reassembly  and  retest  in  the  field  The  AHLTS  could 
greatly  expand  permissible  envelope  dimensions  thereby  making  it  possible  to  ship  the  completely 
assembled  unit,  eliminating  the  extra  expense  and  time  delays  of  disassembly,  reassembly,  and  much  of  the 
retesting.  Others  pointed  out  that  the  larger  shipping  envelope  and  weights  would  permit  their  engineers  to 
develop  more  efficient  designs,  with  preliminary  estimates  indicating  savings  of  up  to  S250.000 . unit  on 
some  large  equipment. 
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Perhaps  the  most  interesting  suggestion  was  that  the  AULTS  could  enhance  the  concept  of  modular 
construction  ol  new  power  plants.  Ret'.  5 showed  that  construction  cost  and  schedule  savings  ol  up  to  25'. 
ol  the  total  cost  ol  power  plants  were  possible  by  building  and  testing  ultra-heavy,  oversize 
structural  mechanical,  electrical  modules  in  on-site  factories  and  then  transporting  and  emplacing  them  via  a 
giant  gantry  crane,  hxhibit  1 I illustrates  one  sequence  in 
this  new  construction  concept.  In  order  to  achieve 
maximum  savings,  twenty  1300  MWe  plants  would  have  to 
be  constructed  on  one  site,  creating  what  was  termed  an 
"Inergy  Park"  Luch  20  unit  park  contained  from  6,000 
to  41,000  acres.  26.000  MWe  of  useful  power  output  and 
about  52,000  MWt  of  power  rejection  to  the  environment 
The  study  described  a number  of  problems  in 
implementing  this  concept,  not  the  least  of  which  was 
finding  an  acceptable  site.  This  concept  is  obviously  not 
suitable  for  the  usual  dispersed  site  approach  wherein  one. 
two  or  three  plants  are  constructed,  since  the  large 
modules  cannot  be  transported  overland  from  a central 
factory  to  each  site,  and  the  cost  of  an  on-site  factory, 
gantry  crane,  and  craneways  must  be  amortized  over  a 
large  number  of  plants  to  be  economical. 

The  AULTS  could  be  the  key  to  making  modular 
construction  practical  for  power  plants  and  other  complex  facilities.  The  building  modules  and  NSSS  com- 
ponents would  be  fabricated,  preassembled  and  tested  in  existing  factories  in  suitable  geographic  locations 
and  would  then  be  vertically  lifted  and  transported  by  the  AULTS  to  almost  any  construction  site  in  the 
country,  by-passing  all  enroute  surface  constraints.  Precise  emplacement  of  the  modules  would  be 
accomplished  using  the  concept  and  operating  techniques  discussed  in  2.4.3. 

lhe  capital  costs  associated  with  th  n-site  module  factory,  casting  yard,  gantry  crane,  etc.  and  the 
cost  for  on-site  module  fabrication,  transportation  of  module  materials  and  sub-assemblies  to  and  on  the 
site,  and  module  emplacement  by  crane,  would  be  eliminated.  These  would  be  replaced  by  module  costs 
f.o.b  . the  off-site  factories  and  casting  yards,  to  which  would  be  added  the  cost  of  transportation  to  the 
construction  site  and  emplacement,  using  the  AHLTS.  While  lack  of  funds  prevented  a detailed  economic- 
analysis  of  these  cost  factors,  it  is  believed  that  the  AHLTS  could  realize  percentage  savings  on  each 
scattered  site  that  are  at  least  as  great  as  the  25'?  projected  for  the  20  unit  energy  parks  in  Ref.  5.  With  new 
generating  plants  costing  approximately  750  million  dollars  each,  and  a forecast  for  hundreds  of  new  plants 
by  year  2000,  substantial  savings  appear  feasible  by  using  an  AHLTS.  To  indicate  the  order  of  magnitude  of 
potential  savings,  assume  400  new  plants  will  be  built  during  the  20  year  forecast  life  of  an  AHLTS.  that 
the  average  cost  during  this  period  by  conventional  means  is  SI  B per  plant,  and  that  net  savings  of  25'i  can 
be  realized  Total  savings  over  this  twenty  year  period  could  be  100  Billion  dollars! 

Furthermore,  needed  new  generating  capacity  could  be  brought  on  line  more  quickly  and  the 
following  indirect  benefits  are  probable. 

o Reduced  energy  consumption  during  construction  due  to  transferring  fabrication  and  assembly 
from  the  field  to  module  factories  and  by  using  the  airship  during  erection 
o Less  disruption  of  surface  transportation  and  other  surface  activity 


hxhibit  II:  Modular  Construction  Concept 
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Better  and  safer  working  conditions  for  labor 

o Improved  plant  quality,  or  achieving  required  quality  at  lower  cost 

o Reduced  impact  on  power  plant  construction  manpower  and  capital  resources,  both  ol  which  are 
in  limited  supply 

o Reduced  burden  on  federal,  state  and  local  governments  by  minimizing  the  impact  of  the  short 
term  influx  of  field  labor,  with  attendant  subsidies  to  the  impacted  communities,  unemployment 
insurance  during  worker  transition  to  new  sites,  etc. 

o Reduced  environmental  pollution  during  construction. 

2.4.6  RESOURCE  DEVELOPMENT  IN  REMOTE  REGIONS 

Heavy  lift.  VTOL  airships  could  also  provide  a high  payoff  in  natural  resource  development  in  remote 
regions  or  inaccessible  areas.  Airships  can  provide  a high  leverage  effect,  not  usually  encountered  when 
competing  with  existing  surface  transportation  systems  in  more  developed  areas,  because  they  can  eliminate 
the  huge  capital  investments  normally  required  to  build  roads,  railroads,  etc.  to  the  new  resources.  Ref.  4 
provided  an  interesting  analysis  of  six  specitic  cases  and  pointed  out  that  airships  could  provide  very  large 
savings  whenever  new  transportation  infrastructure  needs  to  be  built  to  reach  remote  resources.  A more 
detailed  analysis  was  recommended,  and  should  the  more  recent  and  detailed  airship  data  from  current 
studies  be  used,  a more  realistic  assessment  of  the  benefit,  could  be  made  and  this  promising  mission  for 
heavy  lift  airships  substantiated. 

Exhibit  12:  Conclusions  Regarding  Potentials 
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3.  I’KOHI.hMS 


3.1  (leneral 

The  problems  facing  airship  developers  can  he  classified  as  economic,  technical,  and  societal 
I co no m ic  problems  will  be  discussed  first  because  their  solution  is  a pre-requisite  lor  solving  the  other  two. 
Some  of  the  major  technical  problems  will  then  be  discussed  within  the  context  that  the  first  ol  the  new 
breed  of  airships  must  he  technically  sound  to  insure  the  future  of  all  airships.  Societal  problems  are  outside 
the  scope  of  this  paper. 


3.2  Economic  Problems 


If  airships  are  to  succeed  in  their  comeback  attempts,  they  must  offer  distinct  economic  advantages, 
over  existing  systems.  A vital  first  task  is  to  match  missions  that  represent  a real  need,  with  an  airship 
system  that  will  prove  technically  sound  and  economically  superior  to  existing  systems  Expressed  in 
business  terms,  there  must  be  an  existing  or  potential  market  and  a practical  product  service  that  can 
penetrate  the  market  and  make  money.  Proving  to  the  satisfaction  of  a potential  investor  that  you  have 
done  so  is  the  major  economic  problem.  Obtaining  funds  to  develop  the  information  is  the  most  pressing 
economic  problem. 

A typical  approach  to  satisfying  an  investor  is  to  select  one  or  more  highly  promising  missions,  develop 
a preliminary  design  for  the  system  and  then  prepare  and  present  the  lollowing  information 

1 . The  current  and  forecase  size  of  the  market. 

2.  The  cost  of  current  equipment  and  services  to  meet  market  demands. 

3.  A description  of  trends,  including  new  problems  that  will  arise  using  the  existing  system 

4 A description  of  the  proposed  airship  system  and  its  qualitative  advantage-  over  the  existing 
system,  with  sufficient  backup  information  to  demonstrate  its  technical  feasibility 

5.  The  capital  costs  required  to  develop  and  produce  a technically  sound  new  sy  stem 

b.  The  operating  cost  and  gross  and  net  revenue  generated  once  the  new  system  is  deploy  ed. 

7.  Profit  margins,  rate  of  return  on  investment,  break  even  point,  payback  period,  cash  flow 

analysis,  etc.  for  the  proposed  system. 

H.  A sensitivity  and  uncertainty  analysis. 

4.  A comparison  of  the  relative  cost  to  society  of  the  existing  and  proposed  systems. 

Examining  these  nine  items  reveals  additional  problems.  For  example: 

o Forecasts  of  future  market  size  and  trends  for  existing  systems  (I  and  3 1 become  increasingly 
uncertain  as  they  project  more  and  more  years  ahead.  Since  it  will  probably  take  over  five  years 
to  get  a new  airship  system  operable,  and  a like  number  of  years  to  recover  the  investment,  the 
economic  analysis  must  forecast  conditions  a decade  or  more  in  the  future. 

o It  is  difficult  to  get  accurate  costs  on  existing  systems.  (Item  2 and  4).  This  can  he  due  to  lack  of 

a precise  breakdown  of  costs  in  the  accounting  system,  hidden  costs  that  are  taken  care  of  by 
government  subsidy,  etc.  Furthermore,  an  analysis  which  attempts  to  estimate  the  cost  to  society 
is  even  more  difficult,  since  few  if  any  records  are  kept  on  which  to  base  estimates  For  example, 
the  AIM  IS  study  did  not  estimate  the  following  indirect  cost  to  the  taxpayers  which  occur 
whenever  heavy,  oversize  equipment  is  moved  over  state  highways: 
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St;ile  employees  time  in  reviewing  and  approving  the  application  and  in  monitoring  the 
move. 

Loss  of  time  and  business  due  to  disruption  of  surface  traffic,  telephone  service,  etc.  during 
preparation  for  the  move  and  the  move  itself. 

Increased  fuel  consumption  and  air  pollution  due  to  surface  traffic  tie-ups  and  slow  downs, 
o The  description  and  advantages,  including  technical  feasibility  (item  4 1 and  the  various  economic 
estimates  for  the  proposed  system  (items  5.  6,  7 and  X)  are  highly  dependent  on  the  quality  and 
thoroughness  of  the  design  information  generated.  While  a well  thought  out.  well  defined  design 
provides  a much  better  base  for  making  economic  and  feasibility  assessments,  cost  factors  make  it 
very  difficult  to  justify  it,  and  we  are  back  to  the  Catch  22  situation. 

3.3  Technical  Problems 

3.3.1  GENERAL 

While  work  to  date  on  the  AULTS  indicates  it  is  technically  feasible,  certain  problem  areas  were 
uncovered  which  require  further  investigation.  In  general,  these  problems  derive  from  the  critical  need  to 
ensure  safe  flight  and  ground  operation,  especially  during  adverse  weather  conditions,  to  avoid  the  pitfalls 
encountered  by  large  airships  in  the  past.  Some  of  the  factors  which  contribute  to  the  problems  are  as 
follows: 

o The  huge  size,  sail  area,  and  moments  of  inertia  of  heavy  lift  airships  such  as  the  AULTS  create 
control,  handling  and  structural  problems  not  faced  in  forty  years,  if  ever, 
o New  design  configurations  necessary  to  meet  new  mission  requirements  can  intensify  old 
problems  or  create  new  ones.  For  example,  clustering  two  or  more  airship  modules  in  order  to  lift 
ultra-heavy  and  bulky  payloads  presents  new  problems  in  aerodynamic  interference,  airload 
distribution,  static  load  distribution,  structural  dynamics,  stability  and  control,  etc 
o The  long  gap  in  large  airship  operating  experience  and  the  inability  to  continuously  incorporate 
and  assess  state-of-the-art  improvements  handicap  airships  in  comparison  to  other  transportation 
systems,  which  have  had  a more  evolutionary  development.  To  highlight  this  factor,  we  note  that 
the  FAA  does  not  have  airworthiness  requirements  for  any  type  of  airship  and  that  there  is  a lack 
of  operating  experience  using  modern  instrumentation  on  which  to  base  new  requirements. 

Some  of  the  unique  technical  problems  confronting  heavy  lift  airship  developers  are  described  in 
the  following  sub-sections: 

3.3.2  NATURAL  ENVIRONMENT 


Considerable  research  and  effort  have  been  expended  to  determine  the  effects  of  the  natural 
environment  during  flight  through  the  atmosphere.  This  knowledge  has  been  used  successfully  to  establish 
atmospheric  design  criteria  and  in  the  planning  of  flight  operational  procedures  for  conventional  aircraft. 
The  results  have  been  well  documented  in  handbooks,  atmospheric  standards  and  technical  publications.  In 
addition,  an  extensive  archive  of  natural  atmospheric  statistical  data  exists  at  the  National  Climatic  Center 
in  Asheville.  North  Carolina. 

In  terms  of  specific  meteorological  elements,  adequate  climatic  information  exists  presently  in  terms 
of  enroute  winds,  icing,  precipitation,  snowloading,  temperature,  pressure,  density,  clouds,  and  visibility. 
These  data  can  he  employed  to  select  realistic  design  factors  and  aid  in  the  planning  of  the  system's 
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operations  I he  most  significant  informational  deficiencies  are  related  to  the  effects  ol  severe  wind 
motions,  such  as  extreme  gusts;  up/down  drafts  due  to  thunderstorms,  squalls,  lee  waves  in  mountains;  and 
low  level  windshears.  Most  of  the  wind  data  presently  available  has  been  obtained  Irom  world-wide 
measurements  taken  on  routine  and  experimental  aircraft  operations,  balloon  tracking  and  Irom 
meteorological  towers.  These  appear  to  give  an  adequate  picture  on  transient  wind  velocities,  but  there  is 
insufficient  information  available  on  their  lengths,  profiles,  frequency  ol  occurrence  and  avoidance 
probability . especially  at  heavy  lift  airship  operating  altitudes  of  U to  5000  ft.  This  ty  pe  ol  information  is 
especially  important  lo  large  airships  since  their  great  length  means  that  the  nose  could  be  in  one  turbulence 
system  and  the  tail  in  another. 

Reliable  information  is  vital  to  proper  design  of  the  airship's  structure  and  control  system,  and  eltort 
should  be  expended  to  develop  such  information. 

In  addition,  methods  for  forecasting  of  extreme  weather  conditions  of  the  type  that  Jte  critical  lor 
large  airships  is  needed.  This  will  ensure  that  operational  encounters  with  severe  weather  arc  minimized. 

5 5 3 Al  RODYNAMIC  LOADS 

Once  reliable  criteria  have  been  established  for  the  natural  environment,  its  effect  on  tin  airships 
structure  must  be  determined.  During  the  AULTS  study  we  adapted  an  existing  rigid  body  an  loads 
c mputer  program  for  the  single  module  AULTS  size  and  shape  and  performed  a parametric  analysis. 
Principal  variables  were  as  follows: 

o Speed  = 0.  50.  100  and  150  mph 
tq  = 0.  b.37,  25.5.  57.5  psf) 
o Angle  of  attack,  = 0,  2.  4,  6,  8,  10  degrees 
o Gust  Vel.  = 0,  50,  100  teet/sec. 

o Gust  profile  = I cos  shape,  with  3 different  types  as  follows: 

A 
B 
C 

X = Airship  length/2,  airship  length,  and  2x  airship  length 
o Airship  penetration  of  gust,  as  r/<  ofX  = 50.  100.  150,200.250.  300  and  350%. 
flic  resulting  running  loads,  shears,  and  bending  moments  for  a 50  ft/sec  gust  were  combined  with 
corresponding  inertial  loads  derived  from  a 2 body,  planer.  3 degree  of  freedom  dynamic  analysis  computer 
program  and  net  loads  were  established  for  preliminary  structural  design  and  analysis.  The  inertia]  loads 
analysis  assumed  that  the  hull  and  gondola  were  rigid  bodies  connected  by  elastic  cables,  and  that  control 
devices  were  inactive. 

While  this  represented  a reasonable  first  cut.  there  are  unknowns  which  require  further  investigation 
before  air  and  inertia  loads  will  be  suitable  for  detail  design.  The  principal  unknown  is  the  effect  of 
aeroelasticity  on  hull  shape  and  local  pressure  distribution.  The  AHLTS  air  loads  assumed  the  hull  was  a 
rigid  body,  whereas  in  reality  the  hull  shape  will  deform  under  local  and  gross  loading  conditions,  which  in 
turn  could  alter  the  boundary  layer.  How  separation  points  and  mutual  aerodynamic  interference  effects  In 
addition,  no  allowance  was  made  for  induced  air  Hows  due  to  the  propulsion  system  or  mutual 
aerodynamic  interference  between  payload  support  attachments,  fin  and  hull,  or  clustering  of  airship 
modules. 
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4.4. 4 MAH  KIM  s WDSIKl  ( II  Kl  s 

3.3.4  I I lull  C ompiMiis 

lo  design  and  construct  efficient  low  pressure  inflatable  structures  of  the  si/e  required  to  lilt  1000  ton 
payloads  and  meet  other  mission  demai.  requires  significant  development  work  in  flexible  composites 
I he  outstanding  candidate  material  lor  the  structural  layer  of  the  A H I I S hull  composite  was  an  organic 
aramid  liber  trade  named  Kevlar  20  by  its  developers.  I I l)u  Pont  de  Nemours.  Inc  This  material  has 
superior  specific  tensile  strength,  modulus  ol  elasticity  and  other  properties  that  make  it  highly  attractive 
for  pressurized  hull  applications,  as  shown  in  various  Du  Pont  brochures  and  papers.  Suitable  materials  foi 
environmental  protection,  passive  thermal  control,  and  helium  impermeability  would  comprise  the  other 
layers  Kevlar  cables  with  environmental  protection  on  the  outer  surface  were  prime  candidates  for  the 
various  tension  elements  used  for  suspension  and  bracing  shown  in  Exhibits  5 and  7 

While  Kevlar  appears  ideally  suited  as  a base  material  for  the  above  applications,  additional 
development  work  must  be  done  to  confirm  its  promise.  Although  a substantial  amount  of  data  exists  on 
the  physical  and  mechanical  properties  of  Kevlar,  the  structural  and  environmental  behavior,  useful  life  and 
cost  m place  ol  Kevlar  composites  are  not  currently  predictable  to  anywhere  near  the  same  degree  as  metal 
structures  or  rigid  composites  Designers  of  large  inflatable  structures  should  have  reliable  and  easy  to  use 
analy  tical  or  empirical  methods  for  predicting  the  behavior  of  composites,  using  known  or  easily  obtained 
properties  of  the  constituent  materials.  These  methods  should  provide  accurate  predictions  of  static 
strength  and  stiffness,  creep  strength,  tear  propagation  resistance  and  fatigue  strength  all  under  applicable 
environmental  conditions  such  as  temperature,  moisture,  etc  Methods  are  also  needed  for  predicting 
flammability,  permeability,  and  manufacturing  and  handling  characteristics  of  Kevlar  based  composites, 
including  the  effects  of  applicable  environmental  conditions.  Special  emphasis  should  be  placed  on  scams 
and  joints,  and  on  rip-stopping  designs.  Cost  data  for  evaluating  the  economics  is  also  needed 

Developing  accurate  methods  for  selecting  the  best  structural  materials  and  composites  and  sizing  the 
elements,  especially  for  non-rigid  hull s.  can  significantly  affect  safety,  weight,  si/e.  performance  and  the 
capital  and  operating  cost  of  an  airship  sy  stem.  It  is  therefore  an  important  prerequisite  to  heavy-lift  airship 
development. 

> 3.4.2  Static  Load  Distribution  and  Structural  Dynamics 

One  of  the  characteristics  of  airships  is  that  a large  volume  of  helium  (approx,  lb  cu.  It  ) is  required  to 
lift  each  pound  of  weight  Since  payloads  for  heavy  lift  airships  range  up  to  two  million  pounds  and  can  be 
very  high  density,  load  paths  from  the  payload  to  the  ultimate  lifting  force  are  of  necessity  longer  than  for 
most  other  transportation  vehicles.  I Ins  characteristic  tends  to  create  special  problems  for  airships  in  static 
load  distribution  and  structural  dynamics. 

I he  static  load  distribution  for  the  AULTS  was  handled  by  designing  a large,  open  planform  gondola 
and  bv  multiple,  adjustable-tension  cables  between  the  payload  support  structure  and  the  gondola  and 
between  the  gondola  and  the  hull,  as  shown  in  I xhibit  5 and  7 The  high  degree  of  redundancy  in  the  load 
distribution  system  can  therefore  be  reduced  to  manageable  proportions  by  stipulating  the  proper  rigging 
procedure. 

Structural  dynamics  considerations  are  another  matter,  ami  must  be  carefully  investigated  to  avoid 
excessive  dynamic  response  loads,  shortened  life  due  to  vibratory  loads  fatiguing  the  elements,  and  unstable 
interactive  aerodynamic  loads. 
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Specific  problem  areas  are: 

o Airships  response  to  grists  and  other  extreme  wind  motions,  including  non-rigid  bods  effects. 
I'hese  are  the  principal  source  ol  unplanned  changes  in  steady  state  loads,  and  car.  trigger 
vibratory  and  dynamic  response  loads  and  unstable  interactive  aerodynamic  loads, 
o Probable  vibration  of  the  cables  as  the  tension  varies  during  maneuvers  and  gusts.  This  could  not 
only  adversely  affect  cable  life  but  could  induce  vibratory  and  or  dynamic  response  loads 
elsewhere,  especially  in  the  gondola  structure,  gondola  counted  equipment,  such  as  engines, 
pumps,  payload  carrier,  etc.,  anil  gondola  mounted  control  surfaces, 
o Possible  oscillation  of  local  portions  of  the  hull  covering,  similar  to  skin  panel  flutter  on 
airplanes.  The  AUL  TS  significant  changes  in  size,  configuration  and  material  produce  a covering 
thickness,  radius,  pressure,  etc.  substantially  different  from  that  previously  encountered, 
o Possible  vibration  or  oscillation  of  two  or  three  clustered  modules  due  to  maneuvers  or 
differential  gust  effects.  This  might  also  produce  unstable  interactive  aerodynamic  loads, 
especially  in  the  aerodynamic  fairing  region  between  adjacent  modules.  (See  fxhibit  7). 
o Possible  unstable  ground  effects  during  landing  in  moderate  and  high  winds  due  to  the  Bernoulli 
effect  between  the  ground  and  the  payload  gondola  hull.  Thrust  vectoring  of  the  engines  could 
complicate  the  basic  effect. 

While  it  is  improbable  that  all  of  the  above  phenomena  would  actually  occur,  it  is  important  that  they 
be  considered  and  investigated  prior  to  detail  design,  since  any  “surprises”  could  adversely  affect  safety, 
cost  and  schedules. 

3.3.5  STABILITY  AND  CONTROL 

During  the  AHLTS  investigation  we  explored  briefly  the  concept  of  an  integrated  control  and 
stabilization  system  which  would  utilize  the  latest  aerospace  technology.  The  system  would  have  a weather 
radar  and  a modern  navigation  system  to  avoid  weather  extremes  and  pick  the  best  route  through 
inadvertent  encounters  with  bail  weather.  It  would  have  a sensitive  instrumentation  subsystem  which  would 
measure  local  environmenfaJ  conditions  such  as  ambient  tempera  Jure,  pressure,  gust  velocity  and  direction, 
etc.  and/or  measure  the  airship's  status  and  its  response  to  environmental  conditions,  c.g.  envelope  AP. 
lifting  gas  temp.,  structural  loads/stresses,  control  surface/actuators  loads,  vectored  propeller  thrust  and 
direction,  etc.  The  signals  from  the  various  instruments  would  be  fed  to  a central  on-board  computer  via 
appropriate  signal  conditioners.  The  computer  would  be  programmed  to  calculate  key  parameters  an  I their 
rate  of  change  to  determine  the  most  effective  control  action  to  maintain  the  desired  level  of  control  as 
determined  by  the  pilot:  e.g.  altitude,  attitude,  speed,  etc.  to  be  held  within  pre-established  tolerances.  The 
computer  would  then  select  and  signal  one  or  more  control  system  actuators  via  a fly-hy-wire  system  to 
execute  the  optimum  actions,  calculating  present  and  future  status  for  transmission  to  the  pilots  display 
and  caution  and  warning  subsystem.  Manual  over-ride  by  the  pilot  could  be  taken  it  necessary.  ( ontrol 
force  would  be  supplied  by  positive  or  negative  engine  thrust  acting  thru  .1  l>0°  vector  angle,  and  by 
elevators  and  rudders  mounted  in  the  propeller  slip  stream,  forces  could  be  applied  in  unison  or 
differentially  to  achieve  desired  response.  Differential  hallonet  blower  power  and  valving  would  be  used  to 
provide  longitudinal  trim,  and  ballast  transfer  pumps  could  provide  both  longitudinal  and  lateral  trim  via 
c.g.  shift.  Altitude  trim  would  be  provided  by  hallonets  acting  together. 

fixed  tins  on  the  hull  aft  end  and  the  suspended  gondola  would  provide  inherent  stability  through 
automatic  restorative  forces  counteracting  transient  perturbations,  and  these  restorative  forces  would  be 
included  in  the  computer  programming 
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\ more  detailed  investigation  is  required  to  establish  a preliminary  design  of  the  integrated  control  and 
stabilization  system,  making  performance  and  economic  tradeoffs  of  the  various  options  offered  by  modern 
technology.  Selecting  the  most  cost-effective  instrumentation  and  exploring  man-machine  interface 
problems  should  be  given  special  emphasis,  as  should  the  inclusion  of  non-rigid  body  effects  on  airship 
dv  mimics  and  control  system  effectiveness. 

In  addition  to  its  obvious  effect  on  safety,  the  integrated  control  and  stabilization  system  could  affect 
weight,  economics,  and  the  ability  to  successfully  complete  a mission. 

3.3.0  PAYLOAD  ON.-OFF  LOADING  SYS  1 1 M 

Our  investigations  have  indicated  that  it  is  within  the  state-of-the-art  to  on  off  load  and  precisely 
position  ultra-heavy,  oversize  payloads  with  the  AULTS  hovering  and  tethered  However,  in  depth 
investigations  are  needed  to  establish  the  safest,  most  efficient  and  most  economical  methods  and 
equipment  for: 

o Raising  and  lowering  the  payload 

o Securing  the  payload  prior  to  and  during  the  flight,  using  a mechanism  that  can  be  easily 
unsecured  before  lowering 

o Tethering  the  airship  over  the  construction  site,  and  controlling  tension  and  length  of  the  tethers 
to  maintain  an  acceptable  position, 
o Guiding  the  payload  to  a precise  position  on  its  foundation 

o Fistablishing  acceptable  weather  conditions  for  on  off  loading  and  precise  positioning.  T his  must 
consider  airship  structural  limitations  as  well  as  airborne  and  ground  crew  and  equipment 
limitations 

The  on  off  loading  system  must  be  designed  such  that  it  can  be  readily  adjusted  to  accommodate  a 
large  variety  of  payloads  having  different  pick-up  points.  This  can  be  kept  within  manageable  proportions 
by  establishing  an  envelope  and  using  special  adapters  for  those  payloads  that  fall  outside  it 

Perhaps  the  most  challenging  problem  is  to  select  or  design  the  airborne  part  of  the  system  such  that  it 
is  as  safe  and  operationally  efficient  as  current  heavy  lift  cranes,  without  their  high  weight  penalties. 

3.3.7  OPE: RATIONS 

The  AHL.IS  size  and  configuration  create  two  unusual  operating  problems  module  coupling  and 
w here  to  perform  maintenance  and  repair. 

Module  coupling  is  a new  concept  for  airships  and  is  considered  an  important  one  since  it  may  be  the 
key  to  carrying  1000  ton  payloads.  We  were  optimistic  that  it  would  be  operationally  practical  because  of 
prior  experience;  tor  example,  hard  couplings  have  been  made  by  orbiting  space  craft,  and  large  airships 
have  soft  "coupled”  with  aircraft  carriers.  During  the  AHITS  study  we  devised  a proprietary  scheme  for 
coupling  two  or  three  modules  during  slow  speed  flight,  and  additional  work  is  needed  to  investigate  in 
greater  depth  some  of  the  problems  uncovered  during  the  study,  such  as  the 
o effect  of  aerodynamic  interference  just  prior  to  coupling 
o most  effective  coupling  methods  and  mechanisms; 

o interaction  between  modules  during  flight  maneuvers  and  gusts  as  described  in  sub-section 
3.3.4.2. 

Since  the  AHLTS  size  exceeds  the  capacity  of  existing  airship  hangars,  it  was  decided  to  investigate  the 
feasibility  of  never  hangaring  the  airship.  Ref.  6 indicated  a good  case  could  be  made  for  this  approach, 
because  the  records  show  more  loss  or  damage  occurred  during  hangaring  than  from  any  flight  accident. 


Past  operating  experience  also  indicates  airships  can  survive  hurricane  force  winds  at  a mooring  mast  and 
that  ground  equipment  for  mooring  and  handling  has  been  developed  to  the  point  where  it  appears 
adequate  for  most  ground  operational  tasks  By  proper  selection  of  operating  bases,  the  probability  of 
encountering  extreme  weather  while  moored  (high  winds,  snow  ice  sleet,  etc  ) can  be  greatly  reduced  and 
routine  maintenance  and  repair,  including  quick  change  of  major  equipment,  could  be  accomplished  at  the 
mooring  mast.  However,  major  overhauls  and  repairs  appear  impractical  unless  the  airship  can  be  relatively 
fixed.  We  therefore  devised  a scheme  which  would  permit  the  airship  to  be  secured  for  long  overhaul 
periods  by  multiple  tethers,  withstanding  winds  up  to  100  mph  in  any  direction  if  required.  While  this 
scheme  appears  feasible,  additional  work  is  needed  to  assess  its  practicality  and  its  economic  impact  on 
operating  costs  and  airship  design. 
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Although  much  work  has  been  done  in  this  field  as  exemplified  by  ref  5.  it  should  be  revised  and 
updated  to  be  applicable  to  the  AULTS  delivery  and  emplacement  concepts.  Since  it  is  one  of  the  most 
promising  missions  for  heavy  lift  airships,  work  should  proceed  in  parallel  with  airship  technology 
development. 


hxhihit  13:  Conclusions  Regarding  Problems 
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I.  1*1.  V\S 


4.1  General 

riie  plans  that  will  be  discussed  in  this  section  are  of  necessity  proposed  rather  than  actual,  since  many 
organizations  must  become  involved  in  heavy  lift  airship  development.  To  establish  a reference  point  for 
specific  plans,  the  current  and  proposed  role  of  the  various  organizations  will  first  be  discussed 

4.2  Current  and  l*rn|M>sed  Hole  ot  Industry  and  Government  Organizations 

Thus  far  industry’s  role  has  been  to  provide  initial  impetus  for  starting  heavy  lift  airship  development 
Missions  ot  national  importance  have  been  identified,  airship  design  concepts  to  meet  these  mission  have 
been  created,  preliminary  estimates  of  feasibility  and  potential  benefits  have  been  made,  and  critical 
problems  identified. 

The  government’s  role  has  been  to  encourage  and  sponsor  investigations  on  missions,  design  concepts 
and  possible  benefits  to  the  country,  l or  example.  NASA  Ames  has  sponsored  a contracted  study  to 
investigate  the  feasibility  of  Airships  in  general,  providing  a broad  overview  of  many  missions  and  potentials 
(Kef.  ! & 2).  Phase  II  of  this  contract  investigated  the  3 most  promising  missions,  one  of  which  involves  a 
modest  heavy  lift  of  75  tons,  which  is  approx.  6 times  greater  payload  than  current  single  helicopters  but  is 
only  about  113  the  payload  of  the  AHITS.  The  Navy  has  sponsored  studies  to  determine  the  military 
value  of  various  air  buoyant  and  semi-air  buoyant  vehicles,  and  participated  in  the  Ames  study.  The  Air 
force  has  been  active  in  balloon  technology,  as  this  symposium  testifies,  which  provides  fall-out 
information  applicable  to  airships.  The  Air  Force  and  other  agencies  such  as  the  NSF.  HRDA,  DOT.  I XX  . 
1)01.  etc  have  provided  mission  information  and/or  shown  interest  in  the  capabilities  of  heavy  lift  airships. 

For  the  future,  we  believe  that  the  current  work  on  heavy  lift  airships  now  justifies  a more  vigorous 
effort  by  the  government,  and  that  its  role  should  be  expanded  to  include  the  following: 

o Initiation  and  support  of  specific  R&D  Programs  to  solve  the  economic  and  technical  problems 
discussed  in  section  3. 

o Further  study  and  development  of  new.  us  well  as  the  stated  missions,  with  more  emphasis  on 
using  the  unique  capabilities  ol  airships  to  solve  critical  national  problems  and  create  new 
opportunities.  The  heavy  lift  airship  should  be  viewed  not  just  as  an  alternate  transportation 
mode,  but  as  a tool  which  can  make  practical  a number  of  desirable  innovations  now  impractical, 
such  as  new  construction  and  resource  development  technology. 

o Determining  the  total  benefits  of  various  heavy  lift  airship  missions  on  a national  scale,  including 
indirect  benefits  such  as  energy  conservation,  low  environmental  impact,  etc.  as  described  in  2. 
This  will  further  define  the  governments  stake  in  heavy  lift  airships,  help  establish  interagency 
support  and  coordination  levels,  what  can  be  expected  from  free  enterprise,  etc.  and  lead  to  a 
national  policy  regarding  heavy  lift  airship  development. 

Industry  and  the  ultimate  user  should  participate  in  the  above  activity,  and  once  the  risks  have  been 
reduced  to  levels  acceptable  to  venture  capital,  industry  should  then  raise  the  money  and  build  and  operate 
heavy  litt  airship  systems  commercially.  Government  subsidies  in  early  phases  may  be  required  I or  viable 
military  missions,  the  applicable  service  or  joint  services  should  fund  the  complete  program,  since  they  are 
the  ultimate  user 
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4 11  CihNI-.RAl 

l or  brevity,  the  plaits  proposer!  herein  will  he  limited  lo  civil  missions,  it  being  evident  that  military 
missions  ean  be  integrated  with  them  on  a mutually  advantageous  basis. 

rite  work  performed  during  the  AML  PS  and  other  studies  provides  reasonable  assurance  that  heavy  hit 
airships  are  technically  feasible  and  that  they  could  produce  huge  henelits  lor  the  country  I he  energy 
crunch  provides  several  outstanding  missions  which  alone  could  justify  funding  of  the  K A I)  etlort 
previously  mentioned,  such  as  transportation  and  emplacement  of  heavy,  oversize  electric  generating  plant 
equipment,  enhancement  of  modular  construction  for  these  plants,  and  development  ol  remote  energy 
resources  to  fuel  them.  It  is  therefore  proposed  that  NASA  and  PRD  A support  a joint  program  to  perform 
the  R & I)  necessary  lo  solve  the  problems  of  Section  3.0  to  get  the  ball  rolling 

It  is  suggested  that  the  best  way  to  solve  these  problems  is  by  a phased  or  iterative  approach,  in  which 
the  government  funds  deeper  and  deeper  depths  ol  cut  in  both  economic  and  technical  lactors  until  it 
becomes  obvious  that  the  project  should  be  fully  funded  or  abandoned.  The  writers  believe  that  the  process 
has  not  been  carried  to  a real  "go.  no-go"  point  for  any  modern  airship  at  this  time  It  is  very  important 
that  this  be  done  as  soon  as  possible  if  the  impressive  potentials  of  heavy  lift  airships  are  to  be  implemented 
and  used  to  solve  some  of  the  country’s  growing  transportation,  construction  and  development  problems 
NASA  should  also  expand  the  Ames  studies  lo  include  ultra-heavy  lift  civil  missions  of  up  to  1000 
tons,  with  special  emphasis  on  using  the  airship  as  a tool  to  create  new  opportunities.  In  addition  to 
providing  more  depth  for  currently  identified  promising  missions,  the  study  could  develop  new  mission 
scenarios  and  criteria.  It  should  also  estimate  the  total  national  benefits  of  various  heavy  lift  missions, 
including  the  indirect  benefits  previously  mentioned.  The  output  of  this  study  could  be  a national  policy 
regarding  heavy  lift  airship  development,  specifying  who  should  do  what  and  when,  where  and  why  it 
should  be  done. 

In  the  final  analysis,  the  issues  in  this  paper  can  be  summed  up  with  one  question  Will  our 
government  recognize  the  unusual  potential  benefits  of  heavy  lilt  airships  and  provide  the  support  and  the 
plans  needed  to  break  the  Catch  33  roadblock  '"  We  believe  the  evidence  warrants  not  only  an  affirmative 
reply,  but  a plan  which  will  parallel  the  imagination  and  urgency  previously  exhibited  in  our  national  effort 
to  land  men  on  the  moon 

4 3 3 Sl'dCil  STLD  I'LANS  TOR  SOLVING  SI’LCII  1C  TI  CHNICAL  PROBLE  MS 
o Natural  environment : 

Lxisting  information  should  be  reviewed  to  extract  transient  wind  data  pertinent  to  airship  size 
factors  and  operating  altitudes.  This  might  involve  developing  special  computer  models  to 
compile  and  process  the  data  such  that  it  can  be  used  for  both  design  and  forecasting  This 
information  could  be  supplemented  as  needed  by  an  experimental  data  gathering  program 
specifically  tailored  to  the  airship  problem.  These  could  include  use  of  airplanes,  free  and  large 
tethered  balloons,  and  meterological  towers, 
o Aerodynamic  Loads 

A suitable  wind  tunnel  model  could  be  built  and  tested  lo  verify  modify  All)  IS  computed 
airloads,  making  allowance  for  propulsion  system  induced  air  flows  via  directed  jets  from  the 
model  and  others  aerodynamic  interferences  effects  by  proper  configuration  detail  The 
aeroelaslic  effects  could  be  investigated  by  a finite-element  computer  program  or  possibly 
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Ill  rough  a dynamically  similar  model,  as  discussed  subsequently  under  "Structural  Dynamics 
o Hull  Composites 

A tour  phase  program  is  recommended: 

Phase  I Develop  structural  Dements  and  Establish  their  Useful  Life  vs,  environment. 

Phase  II  Develop  Representative  Airship  Structural  Applications  and  establish  Design. 
Manufacturing  and  resting  Procedures.  Cost  Data  and  Useful  Lite  vs.  environment. 

Phase  III  Design,  Manufacture,  lest  and  Cost  a Scale  Model  of  Representative  Airship 
Structures. 

Phase  IV  Prepare  I ngineermg  Analysts.  Design.  Manufacturing.  Testing  and  Cost  estimating 
Manuals 

o Structural  Dynamics 

A dynamically  similar  model  ol  a proposed  heavy  lilt  unship  design  should  be  constructed  and 
tested  in  a low  speed  unpressuri/ed  wind  tunnel  outfitted  with  gust  simulation  jets.  It  would  be 
an  extremely  lightweight  pressurized  structure,  similar  to  an  aircraft  flutter  model,  and  could 
demonstrate  feasibility  ol  the  design  by  identifying  and  sizing  possible  problem  areas  which 
should  be  further  investigated  during  detail  design  It  would  also  advance  the  state-of-the-art  til 
structural  dynamics  model  testing  lor  large  airships, 
o Stability  and  Control 

I he  low  frequency  dynamics  of  large  airships  with  their  absence  of  motion  cues  to  the  pilot 
suggest  that  fixed-base  simulation  would  be  an  appropriate  approach  for  developing  an  integrated 
control  and  stabilization  system  Data  applicable  to  a specific  airship  configuration  would  have  to 
be  available  ic.g.  mass  properties,  geometric  relationship,  structural  modes,  inherent  stability, 
etc.  I as  would  gust  and  maneuver  critier.i  applicable  to  the  heavy  lift  type  of  airship.  Specific 
problems  that  would  be  addressed  in  the  simulation  would  concern: 

Handling  Quality  Criteria 
Instrumentation  Computer  Interface 
Computer  flight  Control  Interface 
Pilot  Display  Interface 

The  primary  objective  in  these  simulation  studies  would  be  to  develop  an  integrated  control  and 
stabilization  system  capable  of  maintaining  the  airship  over  a fixed  point  while  hovering,  un  il 
tethers  could  be  secured.  The  simulation  would  include  environmental  factors  such  as  steady  and 
turbulent  winds.  One  role  of  the  study  would  be  to  determine  airship  control  limitations  in  the 
presence  of  these  environments  The  simulator  would  be  an  excellent  tool  for  developing  criteria 
and  for  specifying  desirable  stability  control  requirements  From  these  criteria,  flight  control 
engineers  could  synthesize  flight  control  sy  stems,  integrating  the  control  system  with  displays  of 
actual  and  computer  information 
o Payload  On  Off  Loading  System 

A more  detailed  survey  should  be  made  to  establish  the  weight,  envelope  size,  and  hoisting 
point  location  of  current  and  proposed  payloads,  such  as  NSSS  components,  turbines,  generators, 
power  plant  building  modules  and  other  heavy  loads.  A preliminary  design  of  a payload  on  oft 
loading  system  should  then  be  performed  in  sufficient  depth  to  cover  the  various  issues  raised  in 
.V.l.fi,  Existing  ground  based  equipment  and  techniques  for  precise  positioning  of  large, 
ultra-heavy  loads  should  be  reviewed  and  the  most  promising  candidate(s)  selected.  Cost 
trade-offs  should  he  made  to  select  the  optimum  sy  stem,  and  estimates  made  of  its  capital  and 
operational  costs.  The  possibility  of  using  a large  ground-based  crane  in  lieu  of  the  airship  for 
final  positioning  should  be  included  in  the  trade-off  studies 
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o Operations 

Airship  Module  Coupling 

A preliminary  design  should  he  made  of  the  coupling  mechanisms  and  techniques  and  the 
AH l IS  cost  and  weight  allowance  revised  accordingly.  The  lived  base  simulation  previously 
described  under  stability  and  control  could  be  used  to  explore  problems  in  positioning  two 
airships  lor  coupling  and  in  the  type  and  amount  of  control  forces  needed  to  bring  them 
safely  and  precisely  together.  Control  and  stability  after  coupling  could  also  be  studied 
Ability  to  Remain  Unhangared 

Candidate  operating  and  overhaul  buses  should  be  reviewed  and  selected  such  that  land  cost, 
trip  distances  and  exposure  to  adverse  weather  while  moored  are  minimized.  Weather 
criteria  for  airship  design  applicable  to  the  selected  operating  and  overhaul  bases  should  he 
established  and  in-depth  studies  made  of  a candidate  airships'  ability  to  remain  unhangared. 
including  any  design  penalties.  Life  cycle  cost  estimates  lor  O Ac  M under  above  conditions 
should  be  made  and  compared  with  estimates  that  assume  hangars, 
o Modularization  of  Electric  Generating  Plants 
A three  phase  program  is  recommended: 

Phase  I Modification  of  Ref  5 study  to  include  Heavy  Lift  Airship  Transportation  and 
emplacement  of  Power  Plant  Modules. 

Phase  II  Extension  of  Ref.  5 study  to  include  additional  Modules 
Phase  III  Module  and  Construction  Technology  Optimization 
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Abstract 


The  trend  of  costs  is  traced  for  vertical  dynamic  lift,  showing  the  cost  per  unit 
capacity  of  useful  load  increasing  steeply  with  size  of  load.  The  cost  per  useful 
load  is  further  substantially  increased  if  the  heavy-lift  vehicle  is  required  to  be  able 
to  suffer  an  engine  failure  without  having  to  drop  its  payload.  This  contrasts  with 
the  trend  of  pure  LTA's  which  tend  to  become  more  economical  in  larger  sizes. 
However,  the  heavy-load -lifting  fully -buoyant  LTA  is  large,  unwieldy,  poorly  man- 
euverable at  low  speed,  and  difficult  to  moor  or  handle  on  the  ground.  FAA  re- 
quitements  for  external  load  operations  are  discussed. 

The  paper  shows  how  the  excellent  maneuverability  inherent  in  vertical  dynamic 
lift,  as  exemplified  by  the  helicopter,  can  be  retained  while  reducing  the  cost  per 
unit  of  useful  load  through  the  addition  of  static  (LTA)  lift.  This  is  reflected  in 
cost  of  operation  as  well  as  initial  cost  of  the  vehicle.  Of  particular  interest,  is  the 
fact  that  heavy  vertical  lift  capacity  far  exceeding  current  helicopter  capability  is 
readily  attainable  without  resort  to  any  new  technology.  Thus  developmental  costs 
for  the  hybrid  are  a small  fraction  of  those  for  a new  heavy-lift  helicopter  of  com- 
parable capacity. 

A comparison  is  also  made  between  the  hybrid  LTA  and  other  systems  for  lift- 
ing heavy  loads. 
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Abstract 

This  paper  gives  a review  of  the  Phase  I portion  of  the  NASA-sponsored 
"Feasibility  Study  of  Modern  Airships."  Phase  I consisted  of  a historical  survey,  a 
screening  of  potential  civil  missions,  a parametric  definition  of  vehicle  concepts, 
and  identification  of  vehicle/mission  combinations  deserving  further  study. 

I.  I INTRODUCTION 

Several  decades  have  passed  since  the  days  of  the  Hindenburg  and  other  large 
rigid  airships.  Periodically,  there  has  been  nostalgic  interest  in  a possible 
revival  of  these  majestic  vehicles.  More  recently,  with  national  attention  focused 
on  energy  conservation  and  environmental  pollution  reduction  and  with  the  recognition 
of  several  unique  large-lift  requirements  for  potential  missions,  the  interest  has 
become  more  intense.  In  addition,  significant  improvements  have  occurred  in  mate- 
rials, structures,  and  aerospace  technology  in  general  since  the  1930’s.  Hence,  it 
appeared  to  be  appropriate  and  timely  that  an  up-to-date  evaluation  be  made  of  the 
technical  and  economic  feasibility  of  airships  and  their  potential  role  in  providing 
an  alternative,  fuel-conservative  means  of  transportation  which  is  compatible  with  a 
clean  environment.  To  this  end  NASA  initiated  the  "Feasibility  Study  of  Modern 
Airships."  The  primary  objective  of  this  on-going  study  has  been  to  improve  the 
basis  for  decisions  regarding  possible  new  research  and  technology  programs  to 
address  technical  problems  associated  with  airship  developments. 

Several  individuals  and  organizations  have  proposed  specific  "hybrid"  airship 
concepts.  This  term  is  used  to  describe  a vehicle  which  generates  only  a fraction  of 
its  total  lift  from  buoyancy,  the  remainder  being  generated  aerodvnamically  and/or  by 
the  propulsion  system.  Although  preliminary  studies  had  indicated  that  hybrids  may 
be  superior  to  conventional,  f ullv-buoyant  airships  for  many  applications,  no  such 
vehicles  have  ever  been  produced  and  operated,  and  the  validity  of  these  initial 
indications  was  subject  to  question.  Therefore  both  conventional  and  hybrid  airships 
were  considered  in  the  Feasibility  Study. 
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It  will  be  useful  in  later  discussions  to  have  a clear  understanding  of  the 
definitions  of  various  types  of  airships  and  how  they  are  related  to  each  other.  For 
this  purpose.  Figure  1 classifies  the  different  types  of  1 ighter- than-aircraf t (LTA) . 
An  LTA  is  an  airborne  vehicle  which  obtains  all  or  part  of  its  lift  from  the  dis- 
placement of  air  by  a lighter  gas.  LTA's  are  conveniently  divided  into  airships 
(synonymous  with  dirigibles)  and  balloons,  the  former  being  distinguished  by  their 
capability  for  controlled  flight.  Only  airships  will  be  considered  in  the  present 
paper.  The  term  conventional  applies  to  the  class  of  approximately  ellipsoidal- 
shaped, fully-buoyant  airships  which  have  been  developed  in  the  past.  It  is  tradi- 
tional to  classify  conventional  airships  according  to  their  structural  concept 
(rigid,  non-rigid,  or  semi-rigid).  Hybrid  airships  are  herein  classified  according 
to  the  means  by  which  the  aerodynamic  or  propulsive  portion  of  the  lift  is  generated. 

The  Feasibility  Study  was  initiated  in  December  of  1974  and  Phase  l was  com- 
pleted in  April  of  1975.  The  study  tasks  for  both  Phases  1 and  II  are  shown  in 
Figure  2.  Phase  L was  primarily  a broad  parametric  evaluation  of  airship  design 
concepts  and  potential  civil  applications.  For  Phase  I there  were  two  prime  con- 
tractors, The  Boeing  Vertol  Company  and  the  Goodyear  Aerospace  Corporation,  each  of 
whom  performed  all  of  the  Phase  1 tasks  independently.  Both  of  the  two  prime  con- 
tractors employed  subcontractors  and  consultants. 

Phase  II  is  being  performed  solely  by  Goodyear  and  is  scheduled  to  be  completed 
by  the  fall  of  1976.  This  phase  is  concerned  with  detailed  definition  of  selected 
vehicle  concepts  and  missions  including  operating  characteristics  and  economics. 
Whereas  Phase  I was  limited  to  civil  applications,  Phase  II  has  been  broadened  to 
include  Naval  missions. 

This  paper  gives  a review  of  the  Phase  I portion  of  the  Feasibility  Study  as 
reported  in  References  1-11.  Of  necessity,  only  the  highlights  of  the  study  are 
given  herein  and  the  reader  is  referred  to  these  references  for  the  many  important 
details  of  the  study  which  have  been  omitted  in  this  review.  Special  thanks  are  due 
to  R.  Huston,  J.  Lancaster,  and  G.  Faurote  of  Goodyear  and  B.  Joner  and  J.  Schneider 
of  Boeing  for  their  cooperation  throughout  the  study. 

2.  HISTORICAL  SURVEY 

2.1  Task  Description 

The  first  task  in  Phase  1 of  the  Feasibility  Study  was  to  conduct  a brief 
historical  overview  of  airship  vehicles  and  operations.  Included  were  summaries  of 
major  missions,  markets,  vehicle  performance  and  technical  features,  acquisition  and 
operating  costs,  operating  procedures,  other  system  elements,  and  key  subsystem 


47  8 


characteristics.  The  goal  was  not  to  obtain  a comprehensive  catalog  of  data  on  past 
airships  but  to  concentrate  on  data  relevant  for  modern  .irship  designs.  Also,  part 
of  this  task  was  a comparison  between  the  technical  ana  economic  states  of  the  art  in 
1910  and  1974  for  the  purpose  of  assessing  the  impact  of  modern  technology. 

2.2  Past  \irsliip  (lom  i'pls  and  Development  Distort 

Before  considering  the  history  of  airship  development,  the  distinguishing 
characteristics  of  the  two  major  conventional  airship  concepts,  the  rigid  and  the 
non-rigid,  will  be  discussed.  The  third  type,  called  a semi-ri; id,  is  essentially  a 
variant  of  the  non-rigid  type,  differing  only  in  the  addition  of  a rigid  keel.  (This 
classification  scheme  is  not  totally  unambiguous,  however.  For  example,  there  is 
some  disagreement  as  whether  the  ZMC-2,  a pressurized  metalclad,  was  a rigid,  a non- 
rigid,  or  a separate  type.) 

A typical  non-rigid  airship  is  shown  in  Figure  3.  This  type  of  airship  con- 
sists of  a non-rigid  envelope,  usually  fabric,  filled  with  lifting  gas  and  slightly 
pressurized.  Internal  air  compartments  called  ballonets  expand  and  contract  to 
maintain  the  pressure  in  the  envelope  as  atmospheric  pressure  and  temperature  vary. 
Ballonet  volume  is  controlled  by  ducting  air  from  the  propwash  or  by  electric  blow- 
ers. The  weight  of  the  car  structure,  propulsion  system  and  other  ^ncentrated 
components  is  supported  by  catenary  systems  attached  to  the  envelorc. 

The  other  major  type  of  airship  was  called  a rigid  because  of  Its  rigid  struc- 
ture (Figure  4).  This  structure  was  usually  an  aluminum  ring-and-girder  frame.  An 
outer  covering  was  attached  to  the  frame  to  provide  a suitable  aerodynamic  surface. 
Several  gas  cells  were  arrayed  longitudinally  within  the  frame.  These  cells  were 
free  to  expand  and  contract,  thereby  allowing  for  pressure  and  temperature  varia- 
tions. Thus,  in  spite  of  their  nearly  Identical  outward  appearance,  rigid  and  non- 
rigid  airships  had  significant  differences  in  their  construction  and  operation. 

The  principal  development  trends  of  the  three  types  of  conventional  airships 
are  depicted  on  Figure  5.  The  non-rlgids  are  historically  significant  for  two  reasons. 
First,  a non-rigid  airship  was  the  first  aircraft  of  any  type  to  achieve  controllable 
flight,  nearly  125  years  ago.  Second,  non-rigids  were  the  last  type  of  airship  to  be 
used  on  an  extensive  operational  basis;  the  U.S.  Navy  decommissioned  the  last  of  its 
non-rigid  airship  fleet  in  the  early  1960's.  During  the  many  years  the  Navy  operated 
non-rigids,  a high  degree  of  availability  and  reliability  was  achieved.  Most  of 
these  non-rigids  were  built  by  Goodyear  and  a few  non-rigids,  based  on  a modified 
Navy  design,  are  in  use  today  for  advertising  by  that  company. 
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Figure  1 - Classification  of  Aircraft. 


Figure  2 - Feasibility  Study  of  Modem  Airships. 
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The  rigid  airship  was  developed  primarily  by  the  Zeppelin  Company  of  Germany, 
and  in  fact  rigid  airships  became  known  as  Zeppelins.  Even  the  small  percentage  of 
rigids  not  built  by  this  company  were  based,  for  the  most  part,  on  Zeppelin  designs. 
The  rigid  airships  of  the  Zeppelin  Company  recorded  some  historic  "firsts"  in  air 
transportation,  including  inaugurating  the  first  scheduled  passenger  air  service. 

The  culmination  of  Zeppelin  development  was  the  Graf  Zeppelin  and  Hindenburg  air  ips 
which  were  unquestionably  outstanding  engineering  achievements  for  their  day.  All 
the  rigids  produced  in  the  United  States  were  for  military  purposes.  None  of  the 
rigids  were  in  operation  at  the  outbreak  of  World  War  II. 

2.11  Verodviiamic  and  Design 

All  three  types  of  conventional  airships  evolved  into  a common  shape,  the 
familiar  "cigar  shape"  with  circular  cross  sections  and  nearly  elliptical  profile. 

The  fineness  ratio  of  the  later  rigids  was  typically  in  the  range  of  from  6 to  8. 

The  fineness  ratio  of  the  non-rigids,  which  tended  to  be  smaller  and  slower  than 
the  rigids,  was  typically  in  the  range  of  from  4 to  5. 

It  is  generally  acknowledged  today  that  past  conventional,  f ully-buoyant 
airship  designs  were  very  nearly  optimum  for  this  class  of  vehicle  in  terms  of  aero- 
dynamic shape  and  fineness  ratio.  Thus  a modern  conventional  airship  could  not  be 
expected  to  show  much  improvement  in  this  regard.  It  is  estimated  that  a drag  re- 
duction of  approximately  10%  would  be  possible  with  adequate  attention  to  surface 
smoothness  and  cleanness.  Use  of  boundary  layer  control  may  give  significantly 
greater  drag  reduction  but  this  technology  is  relatively  undeveloped  at  the  present 
time . 

The  early  airships  were  designed  by  primarily  empirical  methods  and  the  only 
company  to  accumulate  sufficient  experience  to  design  successful  rigid  airships  was 
the  Zeppelin  Company.  Two  areas  in  which  there  was  a serious  lack  of  knowledge  were 
aerodynamic  loads  and  design  criteria.  Work  in  these  areas  was  continued  after  the 
end  of  the  last  rigid  in  the  expectation  of  further  rigid  developments.  Significant 
progress  was  made  in  both  analytical  and  experimental  techniques.  For  example,  aero- 
dynamic loading  due  to  gusts  was  successfully  modeled  in  a water  channel  at  the 
Guggenheim  Laboratory.  The  improved  techniques  of  estimating  loads  were  substan- 
tiated by  using  them  to  verify  design  weakness  of  past  airships.  Improved  analyti- 
cal techniques  and  the  better  estimates  of  loads  led  to  improved  design  criteria 
which  are  still  useful  today. 
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The  frames  of  most  of  the  past  rigid  airships  consisted  of  built-up  rings  and 

longitudinal  girders  stabilized  with  wire  bracing.  The  rings  and  longitudinals  were 

typically  made  of  alluminum  alloy  and  the  bracing  was  steel.  This  structure  was  very 
light  and  efficient,  even  by  today’s  standards.  However,  this  construction  was  highly 
complex  and  labor  intensive  and  any  modern  airship  of  this  type  would  have  to  have  a 
much  more  simple  construction.  Possibilities  include  the  use  of  metal  clad  monocoque, 
sandwich,  or  geodesic  frame  construction.  Materials  would  be  modern  aluminum  alloys 
or,  further  in  the  future,  filamentary  composite  materials.  A good  candidate  for 
wire  bracing,  if  required,  is  Kevlar  rope.  It  is  estimated  that  use  of  modern 
construction  and  materials  would  result  in  a hull  weight  savings  of  approximately  2 V 
as  compared  with  a past  design  such  as  the  Macon. 

There  have  been  dramatic  improvements  in  soft  goods  with  applications  for  air- 
ships in  the  past  two  decades.  Soft  goods  are  used  for  gas  cells  and  outer  covering 

for  rigids  and  for  envelopes  for  non-rigids.  The  material  most  often  used  in  past 
airships  for  these  applications  was  neoprene  coated  cotton,  although  the  envelopes  of 
the  later  non-rigids  were  made  of  dacron.  The  dramatic  improvement  in  strength  of 
modern  soft  goods  as  compared  with  cotton  is  shown  in  Figure  6.  Kevlar  appears  to  be 
the  best  material  but  it  has  not  been  fully  developed  for  use  in  large  airships.  It 
is  estimated  that  use  of  modern  soft  goods  would  result  in  weight  reductions  of  40% 
to  70%  as  compared  with  past  designs.  There  has  also  been  a great  improvement  in 
coating  films  which  will  result  in  a tenfold  improvement  in  gas  cell  and  envelope 
permeability . 

The  trend  of  airship  empty  weight-to-gas  volume  ratio  with  size  is  shown  in 
Figure  . for  a large  assortment  of  past  rigid,  non-rigid,  and  semi-rigid  designs. 

The  principal  conclusion  is  that  the  empty  weight  ratio  is  very  nearly  insensitive 
to  size.  This  is  a reflection  of  the  airship  "cube-cube  law"  (i.e.,  both  the  lifting 
capability  and  the  structural  weight  increase  in  proportion  to  the  cube  of  the  length 
for  a constant  shape).  Since  fixed  wing  heavier-than-air  craft  follow  a "square-cube 
law,"  airships  will  compare  more  t ■ orably  with  airplanes  as  size  is  increased. 

Figure  7 shows  that  smaller  size  airships  have  tended  to  employ  non-rigid  or  semi- 
rigid construction  while  the  larger  airships  have  been  rigids.  With  a few  explain- 
able exceptions,  past  airships  have  all  had  about  the  same  efficiency  despite  dif- 
ferences in  design  concept,  year  of  development,  and  lifting  gas. 

2.5  Propulsion  Systems 

Either  Otto  or  Diesel  cycle  engines  were  used  on  the  large  airships  of  the 
1930's.  Modern  airships  will  most  likely  use  turboshaft  engines  which  are  highly 
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developed  at  the  present  time.  Thrustors  will  be  prop/rotors.  As  compared  with 
engines  of  the  1930's,  these  modern  engines  have  about  90%  of  the  specific  fuel 
consumption  and  as  low  as  10%  of  the  specific  weight  and  volume  Perhaps  more 
important  than  these  improvements  is  the  greatly  improved  reliability  and  maintain- 
ability of  modern  turboshaft  engines. 

There  are  also  some  longer  term  alternative  propulsion  systems  for  airships. 

The  Diesel  engine  is  attractive  because  of  its  low  fuel  consumption.  However,  there 
is  no  Diesel  currently  available  which  is  suitable  for  airship  use.  Another  possible 
propulsion  system  is  a nuclear  powerplant,  particularly  for  long  endurance  missions 
and  large  airships.  it  will  take  an  extensive  development  program  to  develop  a 
nuclear  powered  airship. 

Engine  controls  of  the  rigid  airships  consisted  of  an  engine  telegraph  which 
transmitted  engine  control  commands  from  the  helmsman  to  an  engine  mechanic  who  would 
then  manually  make  the  required  engine  control  changes.  Modern  electronic  power 
management  systems  will  eliminate  this  cumbersome  system  and  greatly  increase  the 
responsiveness,  accuracy,  and  reliability  of  engine  controls.  Control  of  the  thrust 
vector  orientation  by  tilting  mechanisms  will  also  be  greatly  enhanced  with  modern 
systems . 

2.6  Controls,  Avionics,  and  Instrumentation 

Flight  control  systems  on  past  airships  have  been  purely  mechanical.  Commands 
from  the  helm  (one  each  for  vertical  and  horizontal  surfaces)  were  transmitted  by 
cable  and  pulley  systems  to  the  control  surfaces.  In  addition,  there  were  manual 
controls  for  releasing  ballast  and  valving  lifting  gas.  For  a large  modern  airship, 
a fly-by-wire  control  system  has  obvious  advantages  and  would  likely  be  employed. 

This  system  would  use  many  airplane  and/or  helicopter  type  components.  An  autopilot 
would  also  be  provided. 

Between  the  1930's  and  the  present,  there  has  been  a vast  improvement  in 
avionics  systems  due  largely  to  the  dramatic  changes  in  electronic  communications 
devices  in  that  time  period.  For  example,  as  compared  with  1930  components,  modern 
aviation  radio  equipment  is  about  one-tenth  the  size  and  weight  and  much  more  ver- 
satile and  reliable.  Progress  in  the  development  of  electronic  components  has  also 
made  possible  the  introduction  of  many  navigation  devices  not  available  in  the  1930' s. 
Examples  are  VOR/DME/ILS,  TACAN,  radar,  LORAN,  OMEGA,  and  inertial  systems. 

Instruments  on  past  airships  have  resembled  nautical  instruments.  Instru- 
mentation on  a modern  airship  would  be  similar  but  would  reflect  modern  airplane 
instrument  technology.  The  primary  difference  would  be  an  increase  in  accuracv. 

The  various  improvements  in  controls,  avionics  and  instrumentation  just  dis- 
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cussed  will  result  in  only  a modest  reduction  in  airship  empty  weight  but  will  give  a 
significant  improvement  in  controllabil ity  and  reliability.  There  will  be,  of  course, 
a lar  increase  in  acquisition  cost  associated  with  these  modern  systems  and  com- 
ponents, but  this  will  be  offset  by  lower  operating  costs  due  to  manpower  reductions. 

2.7  l'li<*lit  Operations  and  Ground  Handling 

The  operation  of  the  1930's  airships  was  as  labor  intensive  as  their  construc- 
tion. In  flight,  large  onboard  crews  were  required  to  constantly  monitor  and  adjust 
the  trim  of  the  ship  and  maintain  nearly  neutral  buoyancy.  Trim  and  neutral  buoyancy 
were  maintained  by  one  or  more  of  the  following  procedures:  valving  lifting  gas, 
dropping  ballast,  transferring  fuel  or  other  materials  within  the  airship,  collecting 
water  from  the  atmosphere  and  engine  exhaust,  and  moving  crew  members  within  the 
airship.  Also,  it  was  not  unusual  to  make  repairs  to  the  structure  and  the  engines 
in  flight.  It  is  obvious  that  modern  structural  concepts,  engines,  avionics,  control 
systems  and  instrumentation  will  decrease  the  workload  of  the  onboard  crew  to  a 
considerable  degree. 

The  experience  of  the  U.S.  Navy  in  the  1.940's  and  1950' s with  non-rigids 
indicates  that  modern  airships  can  be  designed  to  have  all-weather  capability  at 
least  equivalent  to  that  of  modern  airplanes.  High  winds  and  other  inclement  weather 
need  not  endanger  the  safety  of  the  airship  and  its  crew  either  in  flight  or  on  the 
ground.  However,  high  adverse  winds  will  continue  to  have  a negative  impact  on  the 
operational  capability  of  airships  due  to  their  low  airspeeds. 

Extremely  large  ground  crews  were  needed  to  handle  the  early  Zeppelins.  These 
airships  were  walked  in  and  out  of  their  storage  sheds  by  manpower.  Up  to  700  men 
were  used  to  handle  the  Zeppelin  military  airships.  The  Los  Angeles  needed  a 50- 
man  ground  crew  in  ideal  weather  and  500  men  in  a 20  mph  wind.  Subsequent  develop- 
ment dramatically  reduced  the  number  of  men  needed  for  ground  handling.  The  first 
significant  change  was  the  development  of  the  high-mast  mooring  system  by  the  British. 
The  U.S.  Navy  then  developed  the  low  mast  which  was  more  convenient,  less  expensive, 
and  allowed  the  airship  to  be  unattended  while  moored.  A "ride-out"  car  was  intro- 
duced to  allow  the  ship  to  weathervane.  Later,  the  mobile  low  mast  was  employed. 

Important  developments  in  ground  handling  subsequent  to  the  1930's  were  made  by 
the  Navy  in  connection  with  its  non-rigid  airship  operations.  By  1960  the  largest  non- 
rigids  were  routinely  being  handled  on  the  ground  by  small  crews  employing  mobile  masts 
and  mules.  These  mules  were  highly  maneuverable  tractors  with  constant-tension  winches. 
Some  further  improvement  in  ground  handling  procedures  would  be  possible  with  a modern 
airship.  Handling  "heavy"  or  hybrid  airships  would  be  particularly  easy. 
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As  shown  in  Figure  8,  the  flyaway  costs  per  pound  of  empty  weight  of  the  rigid 
airships  of  the  1930's  were  comparable  with  those  of  transport  airplanes  of  the  same 
era.  Since  then,  the  costs  of  transport  airplanes  have  steadily  risen,  even  when 
inflationary  effects  have  been  factored  out.  This  is  because  the  steady  introduction 
of  new  technology  has  made  succeeding  generations  of  airplanes  more  sophisticated  and 
expensive.  This  increased  cost  has  paid  off  in  increased  safety,  reliability,  and 
productivity.  As  discussed  above,  a modern  airship  would  have  several  systems  and 
components  which  are  highly  advanced  compared  with  1930's  technology.  Thus  it  seems 
likely  that  rigid  airship  flyaway  costs  would  follow  the  trend  of  fixed  wing  aircraft 
shown  in  Figure  8 and  therefore  a modern  rigid  airship  would  cost  about  the  same  as 
an  equivalent  size  modern  airplane.  However,  one  of  the  contractors,  Goodyear,  pro- 
jected that  for  large  airships  flyaway  costs  will  be  less  than  for  airplanes  (Figure  9). 

The  only  significant  past  commercial  airship  operations  were  those  of  the 
Zeppelin  Company  and  its  subsidiary  DELAG.  The  highlights  of  these  operations  are 
listed  on  Table  1.  None  of  these  commercial  operations  can  be  considered  a financial 
success  and  most  were  heavily  subsidized  by  the  German  Government.  For  the  DELAG 
operation  of  1910-1914,  for  example,  revenues  covered  less  than  half  of  the  operating 
costs.  The  LZ-120  operation  of  1919  operated  at  a loss  despite  a load  factor  of 
100%.  The  transatlantic  service  with  the  Graf  Zeppelin  in  1933-1937  required  a 
breakeven  1(  id  factor  of  93-98%,  a value  that  was  seldom  achieved.  This  is  in  spite 
of  carrying  postage  at  rates  that  were  over  ten  times  higher  than  1975  airmail  rates. 

Throughout  most  of  these  commercial  operations,  there  was  little  or  no  com- 
petition from  heavier-than-aircraf t . However,  airplane  technology  was  making  rapid 
strides  and  airplane  speed,  range,  and  productivity  were  rising  steadily.  Compari- 
sons between  airships  and  airplanes  are  difficult  to  make  because  of  the  remoteness 
of  the  time  period  and  the  limited  operational  experience.  Nevertheless,  by  the  time 
of  the  Hindenburg  disaster  in  1937,  it  seems  clear  that  the  most  advanced  airplane, 
the  DC-3,  had  lower  operating  costs  as  well  as  higher  cruising  speeds  than  the  most 
advanced  airship,  the  Hindenburg.  Of  course,  this  tended  to  be  offset  by  the 
Hindenburg 's  greater  luxury  and  range. 

An  extensive  design  and  economic  study  conducted  by  Goodyear  in  the  mid-1940's 
showed  that  a fleet  of  advanced,  large  airships  would  be  competitive  with  the  air- 
planes of  that  era  for  both  passenger  and  cargo  applications.  Due  to  the  vast  improve- 
ments in  transport  airplane  efficiency  and  productivity  since  that  study  was  under- 
taken, this  conclusion  would  probably  not  be  valid  today.  Gains  in  the  productivity 
of  conventional  airships  over  the  last  30  years  would  be  relatively  small  because 
cruise  speeds  would  be  essentially  unchanged. 
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Figure  8 - Historical  Trend  of  Flyaway  Costs. 
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Figure  9 - Estimate  of  Relation  Between  Price  and  Empty  Weight 


488 


A»  - *«? 

- --- 


t.  MISSION  ANALYSIS 


5 


:(.i 


Task  Description 


In  this  task,  the  two  Feasibility  Study  contractors  were  required  to  survey 
potential  missions  for  airship  applications.  Emphasis  was  on  civil  transportation 
missions  although  other  types  of  missions  were  also  considered.  Included  were  unique 
LTA  applications  as  well  as  conventional  missions  currently  performed  by  other 
transportation  modes.  Because  the  operating  characteristics  and  economics  of  most  of 
the  potential  modern  airship  concepts  have  not  been  established  at  the  present  time 
and  because  of  the  broad  scope  of  the  study,  the  mission  analysis  was  necessarily  of 
a primarily  qualitative  nature. 

The  two  contractors  differed  both  in  their  approach  to  this  task  and  in  their 
conclusions.  Goodyear  performed  a systematic  analysis  of  an  exhaustive  number  of 
specific  potential  airship  missions.  These  missions  were  qualitatively  rated  to 
obtain  the  most  promising  ones.  Boeing,  on  the  other  hand,  considered  broad  classes 
of  applications.  These  were  for  the  most  part  qualitatively  discussed;  however, 
preliminary  quantitative  results  were  obtained  for  a few  specific  applications. 
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3.2  Passenger  Transportation 

Past  commercial  airship  operations  have  consisted  primarily  of  long-haul  trans- 
portation of  passengers  along  with  freight  and  mail.  Because  of  the  airship's  low 
speed  and  productivity,  neither  contractor  concluded  that  this  is  a viable  mission 
for  a modern  airship.  The  only  long-haul  possibility  is  for  a cruise  ship  operation 
but  the  market  size  for  this  application  is  likely  too  low  for  development  incentive. 

Because  of  an  airship's  natural  attributes  and  drawbacks  compared  with  other 
transportation  modes,  attention  is  drawn  to  short-haul  applications.  For  short  stage 
lengths,  the  speed  disadvantage  of  airships  as  compared  with  airplanes  is  relatively 
unimportant  and  the  V/STOl  capability  and  relatively  low  noise  and  fuel  consumption 
(due  to  lower  power  levels)  of  the  airship  become  important  advantages.  These 
advantages  may  in  fact  allow  an  airship  to  penetrate  .short-haul  markets  which  have  to 
date  been  unavailable  to  heavier-than-aircraft. 

Boeing  performed  a preliminary  analysis  comparing  an  airship  system  with  a 
ground-based  system  for  commuter  traffic.  The  airship  was  a lifting  body  hybrid  of 
200  passenger  size  and  the  station  spacing  varied  from  0.5  to  1.8  miles.  The  con- 
clusion was  that  the  airship  was  not  competitive  with  the  ground  mode  for  this 
application.  This  is  perhaps  not  surprising  in  view  of  the  short  stage  lengths. 
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Boeing  felt,  however,  that  there  may  be  some  passenger  application  of  the  50-ton 
payload  cargo  airship  discussed  in  the  following  section. 

The  Goodyear  study  focused  on  markets  not  presently  serviced  by  the  trunk  or 
local  airlines  due  to  their  short  stage  lengths  or  other  factors.  Specific  missions 
identified  were  between  city  centers,  between  minor  airports,  and  airport  feeder 
service.  Vehicles  in  the  30  to  150  passenger  range  would  be  required  and  stage 
lengths  would  lie  between  20  and  200  miles.  Air  modes  offer  no  advantages  over 
ground  modes  at  stage  lengths  less  than  about  20  mile?-  and  passenger  airships  prob- 
ably cannot  compete  with  airplanes  at  stage  lengths  greater  than  200  miles.  Presently 
existing  competing  modes  include  general  aviation  fixed  and  rotary  wing  aircraft  as 
well  as  ground  modes.  Air  modes  have  been  able  to  capture  a small  segment  of  short- 
haul  passenger  travel  in  spite  of  their  higher  costs  because  in  some  cases  they  allow 
savings  in  door-to-door  times.  An  airship  has  a good  chance  to  be  competitive  due  to 
the  relatively  high  operating  costs  of  the  competing  heavier-than-aircraf t . 

In  conclusion,  an  airship  may  be  economically  viable  for  passenger  traffic  over 
short  stage  lengths  (20-200  miles)  when  trip  time  is  important.  An  airship  system 
may  also  have  advantages  over  other  modes  other  than  economic  ones,  such  as:  less 

capital  investment  in  ground  facilities;  quieter  and  cleaner*  more  comfortable  in 
terms  of  accommodations  and  ride. 

3.3  Cargo  Transportation 

Because  of  the  many  factors  involved  in  cargo  transportation,  a definitive 
analysis  of  this  market  could  not  be  attempted  in  the  Feasibility  Study.  For  example, 
among  the  items  of  interest  when  a shipper  selects  a transportation  mode  are  door-to- 
door  capability,  door-to-door  trip  time,  price,  schedule,  frequency,  reliability  of 
service,  security  of  shipment,  and  environment  for  the  cargo.  These  items  all  affect 
the  shipper's  transportation  costs,  his  responsiveness  to  his  customers,  his  inven- 
tory and  warehousing  requirements,  the  quality  of  his  product,  and  his  packaging 
requirements . 

Speed  is  not  as  significant  to  shippers  as  to  passengers  as  is  evidenced 
by  the  relatively  low  percentage  of  cargo  that  travels  by  air.  For  example,  the 
air  mode  carries  only  0.5%  of  the  total  cargo  by  weight  in  the  U.S. -Europe  market 
and  less  than  0.2%  of  the  U.S.  domestic  freight.  Because  of  the  higher  availability 
of  trucks  and  their  more  numerous  terminals,  trucks  generally  give  faster  door-to- 
door  service  than  airplanes  at  stage  lengths  less  than  500  miles.  For  this  reason, 
Goodyear  concentrated  on  stage  lengths  up  to  500  miles  for  their  cargo  analysis. 

In  this  market  they  would  compete  with  trucks  for  high  value  cargo  by  offering 
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door-to-door  service  at  shorter  trip  times,  although  generally  at  high  costs. 

Airships  are  not  likely  to  compete  with  rail  because  of  the  low  cost  of  rail  trans- 
portation and  the  typically  low  value  of  the  cargo  carried  by  this  mode.  Goodyear 
felt  that  beyond  stage  lengths  of  500  miles,  airships  are  probably  not  competitive 
with  airplanes  on  established  routes  because  of  their  low  block  speeds  and  possibly 
higher  costs. 

Boeing  considered  the  entire  U.S.  freight  commodity  market,  irrespective  of 
range,  for  airship  application.  As  compared  with  other  modes,  it  was  postulated 
that  an  airship  would  offer  a unique  capability  and  therefore  find  a role  in  this 
market.  As  opposed  to  airplanes,  it  would  offer  door-to-door  service  and  would  be 
faster  than  trucks.  Thus  an  airship  would  not  necessarily  have  to  have  equivalent  or 
lower  costs  to  capture  a portion  of  the  market.  What  makes  this  application  attrac- 
tive is  the  size  of  the  domestic  freight  market;  if  an  airship  operation  could  capture 
only  1%  of  it,  approximately  100  vehicles  of  a 50-ton  payload  size  would  be  required. 
Boeing  estimated  that  this  would  be  possible  if  direct  operating  costs  (DOC)  in  the 
range  of  10-16c/available  ton-mile  could  be  achieved.  However,  recent  economic 
studies  of  airships  (Ref.  12)  indicate  that  costs  this  low  probably  cannot  be 
achieved  by  an  airship  of  this  small  a size. 

In  addition  to  the  conventional  cargo  transportation  missions  just  discussed, 
there  may  be  special  cargo  missions  for  which  the  airship  is  uniquely  suited.  An 
example  is  transportation  in  less  developed  regions  where  ground  mode  infra-structure 
and  air  terminals  do  not  exist.  Agricultural  commodities  are  a particularly  attrac- 
tive application  since  their  transportation  is  one-time-only  or  seasonal  in  nature 
and  crop  locations  are  often  in  remote  regions  with  difficult  terrain.  Close]-, 
related  to  this  application  is  timber  harvesting  and  transportation  in  remote  areas. 
The  problem  with  this  class  of  application  is  that  the  market  size  is  not  well- 
defined  at  present  and  may  be  too  small  to  warrant  a vehicle  development.  There  is 
the  same  problem  with  long-haul  transport  of  heavy  and/or  outsized  cargo.  Short  haul 
of  heavy  cargo,  on  the  other  hand,  appears  to  be  a viable  application  and  this  mission 
is  discussed  in  the  following  section. 

•k  l Heavy- lift,  Short-Haul  Applications 

The  heavy-lift,  short-haul  (HL/SH)  applications  are  strictly  speaking  not  true 
transportation  missions  because  they  encompass  aerial  crane  missions.  Prime  vehicle 
requirements  are  VTOL  capability,  low  speed  controllability,  and  station-keeping 
capability.  Speed  is  not  an  important  factor  and  ranges  are  usually  nominal.  Two 
situations  are  of  interest.  In  the  first,  the  payload  is  either  outsized  or  over- 
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weight  for  ground  modes.  In  the  second,  either  the  origin  or  the  destination  is  a 
site  which  is  inaccessible  by  ground  modes.  In  many  applications,  both  of  these 
situations  will  be  present.  Many  of  the  shipments  will  be  one-time-only.  The  airship's 
only  competition  for  these  HL/SH  applications  is  the  helicopter. 

Several  specific  civil  applications  have  been  proposed  for  an  HL/SH  airship. 

Among  these  are  siting  of  nuclear  and  conventional  power  plants,  loading/unloading  of 
container  ships,  delivery  of  modularized  structures  such  as  factory  built  houses,  and 
use  as  an  aerial  crane  in  the  construction  industry.  In  addition,  there  are  several 
military  applications.  In  many  applications,  the  payloads  are  too  large  for  any 
existing  helicopter  and  an  airship  offers  the  only  viable  alternative.  However, 
since  these  are  new  missions  for  air  vehicles,  the  market  size  is  not  established 
with  any  certainty  at  present  and  there  is  considerable  disagreement  as  to  the  level 
of  demand  for  an  HL/SH  airship. 

The  Boeing  study  concluded  that  there  was  a market  for  only  one  airship  nation- 
ally in  the  800-ton  payload  class  which  would  be  needed  for  the  large  nuclear  power 
plant  components.  Further,  it  was  felt  that  additional  uses  for  such  an  airship 
would  add  little  to  its  utilization.  Instead  of  developing  a new  airship  concept  for 
the  HL/SH  application,  Boeing  recommended  using  a towed  balloon  system  in  which  the 
balloon  would  support  the  weight  and  helicopters  would  supply  the  propulsive  force 
and  steering.  In  time,  such  a concept  might  then  generate  a sufficient  market  demand 
to  warrant  development  of  a more  sophisticated  system.  As  evidence  of  the  small 
market  for  HL/SH  concepts,  Boeing  cites  the  small  number  of  heavy-lift  helicopters  in 
civil  use. 

The  Goodyear  study,  on  the  other  hand,  concluded  that  the  aggregate  of  civil 
and  military  HL/SH  missions  constituted  an  "immediately  required  market"  for  HL/SH 
airships.  This  conclusion  is  based  on  such  an  airship's  greatly  improved  payload 
capability  and  presumed  lower  operating  costs  per  pound  of  payload  as  compared  with 
existing  helicopters. 

3.5  Surveillance  Missions 

Although  surveillance  and  platform  missions  were  not  emphasized  in  the 
study,  both  contractors  briefly  considered  them.  This  class  of  missions  seems 
attractive  for  airship  applications  because  of  the  airship's  high  endurance 
capabilities  as  compared  with  heavier-than-aircraf t . Goodyear  listed  a great 
many  civil  and  military  surveillance  and  platform  missions  which,  when  considered 
together,  constituted  a good  prospect  for  airship  application.  Boeing  on  the  other 
hand  felt  that  there  might  be  military  and  Coast  Guard  applications  for  high- 
endurance  airshins  but  that  civil  applications  were  unlikely. 
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An  airship  application  frequently  mentioned  and  under  detailed  study  elsewhere 
is  the  transportation  of  natural  gas.  This  application  is  unique  in  the  sense  that 
the  cargo  itself  would  serve  as  the  lifting  gas  and  possibly  even  as  the  fuel. 
Significant  advantages  of  an  airship  over  pipeline  and  liquid-natural-gas  tanker 
ships  are  increased  route  flexibility  and  decreased  capital  investment  in  facilities 
in  countries  which  are  potentially  politically  unstable. 

Boeing  conducted  a preliminary  economic  analysis  of  the  transportat ion  of 
natural  gas  by  airships  as  compared  with  existing  systems.  They  found  that  due  to 
the  extremely  low  costs  of  transportation  by  pipelines  and  tankers  that  airship  costs 
would  be  several  times  as  high  as  the  transportation  costs  of  existing  systems. 

Also,  the  other  contractor,  Goodyear,  did  not  rate  the  natural  gas  mission  among  the 
most  promising  ones  for  further  study.  In  spite  of  some  obvious  advantages,  the 
transportation  of  natural  gas  does  not  seem  to  be  a viable  mission  for  airships. 

4.  VEHICLE  PARAMETRIC  ANALYSIS 
4.1  Task  Description 

The  vehicle  parametric  analysis  was  regarded  as  the  most  important  task  in 
Phase  I of  the  Feasibility  Study.  In  this  task,  the  entire  spectrum  of  airship 
concepts,  encompassing  both  conventional  airships  and  hybrids,  was  examined.  The 
contractors  were  required  to  include  conventional,  ellipsoidal-shaped  concepts  and 
delta  planform  hybrids  in  their  parametric  analysis  but  were  also  encouraged  to  study 
additional  shapes.  Vehicles  with  gross  lifting  capabilities  ranging  from  3000  lbs  to 
6 ,000,000  lbs  were  investigated . The  parametric  studies  included  the  effects  of 
important  design  factors  such  as  vehicle  geometry,  ratio  of  buoyant  1 if t-to-total 
lift  (3),  and  cruise  speed  (V  ) . 

Since  the  emphasis  of  Phase  I was  on  transportation  missions,  the  principal 
figure  of  merit  was  specified  to  be  productivity,  which  may  be  defined  as  either 
payload  (PL)  times  Vc  or  useful  load  (UL)  times  Vc . Useful  load  is  the  sum  of 
payload  and  fuel  weight.  If  the  first  definition  is  adopted,  range  must  be  treated 
as  a parameter.  The  second  definition  is  frequently  used  in  airship  analysis  but 
neglects  the  effect  of  range  and  therefore  is  occasionally  misleading.  Another 
similar  figure  of  merit  used  by  the  contractors  was  specific  productivity,  defined  as 
productivity  divided  by  empty  weight  (EW).  Productivity  is  a good  indicator  of  the 
economic  worth  of  a transportation  system  and,  in  particular,  specific  productivity 
has  historically  been  closely  correlated  with  vehicle  direct  operating  costs. 

In  addition  to  the  parametric  studies,  several  design  options  were  investig- 
ated. These  included  choice  of  structural  concept,  use  of  vectored  thrust,  choice  of 
structural  materials,  use  of  boundary  layer  control,  and  choice  of  lifting  gas. 
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A primary  consideration  for  an  airship  is  selection  of  the  lifting  gas.  There 
are  many  factors  to  be  evaluated  in  this  selection  but  the  principal  one  is  lifting 
capability.  The  lift  per  unit  volume  of  several  potential  gases  is  shown  on  Figure 
10.  Other  gases  which  are  lighter  than  air,  such  as  methane,  ammonia,  and  natural 
gas,  have  less  lifting  capability  than  steam  and  could  probably  lift  only  the  empty 
weight  of  an  airship.  Thus  it  seems  clear  that  the  only  possible  lifting  gases  are 
hydrogen,  helium,  and  steam. 

Hydrogen  has  the  greatest  lifting  capability  and  is  relatively  inexpensive  with 
an  inexhaustable  supply.  However  its  flamability  precludes  its  use,  at  least  at  the 
present  time.  Because  of  hydrogen's  attributes,  development  of  a fail-safe  hydrogen 
containment  system  is  a worthwhile  goal,  particularly  if  helium  becomes  scarce. 

The  lifting  capability  of  helium  is  not  dramatically  less  than  that  of  hydrogen 
and  helium  has  the  great  advantage  that  it  is  not  flammable.  The  disadvantage  with 
helium  is  that  it  is  a limited  resource.  This  leads  to  relatively  high  prices  and 
possible  future  availability  problems.  Although  the  supply  appears  adequate  for  the 
foreseeable  future,  large  scale  use  of  airships  may  create  a serious  shortage.  All 
factors  considered,  helium  seems  to  be  the  clear  choice  for  lifting  gas  for  airships 
in  the  near  future  and  both  contractors  assumed  the  use  of  this  gas  in  their  param- 
etric analyses. 

The  other  possibility,  steam,  has  a lifting  capability  significantly  less  than 
hydrogen  or  helium.  The  advantages  of  steam  are  low  cost,  unlimited  availability, 
and  nonflammability.  However,  the  elevated  temperature  of  the  gas  requires  a con- 
tainment and  temperature  control  system  which  is  undeveloped  at  the  present  time. 

The  elevated  temperature  also  places  new  demands  on  structural  materials.  Because  of 
its  relatively  poor  lifting  capability,  use  of  steam  will  be  restricted  to  airships 
with  low  ratios  of  EW  to  gross  weight  (GW). 

Another  gas  which  is  often  mentioned  is  hot  air.  This  gas  has  proven  to  be 
successful  for  use  in  balloons.  However,  balloons  have  very  low  EW/GW  ratios  because 
they  lack  many  airship  components  such  as  propulsion  and  control  systems.  Figure  10 
shows  that  within  the  temperature  limitations  of  conventional  airship  structural 
materials  (about  300°F),  hot  air  would  not  even  be  able  to  lift  the  empty  weight  of 
most  airship  designs.  Thus  the  only  possible  application  of  hot  air  (at  least  in  a 
ful ly-buoyant  airship)  is  for  ferry  purposes  in  which  the  airship  is  moved  without 
payload.  An  example  would  be  the  natural  gas  transportation  mission  in  which  the 
natural  gas  is  the  lifting  gas  on  one  leg  and  hot  air  is  the  lifting  gas  on  the 
return  leg. 
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Figure  10  - Comparison  of  Lifting 
Gas  Capability. 
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4.3  Methods  of  Analysis 


Both  contractors  developed  and  used  vehicle  synthesis  (integrated  conceptual 
design)  computer  programs  in  the  vehicle  parametric  study.  The  Boeing  program  is 
called  the  Comprehensive  Airship  Sizing  and  Performance  Computer  Program  (CASCOMP) 
and  the  Goodyear  program  is  the  Goodyear  Airship  Synthesis  Program  (GASP) . These 
programs  compute  mission  performance  for  a specified  vehicle  concept,  shape,  and 
mission  definition.  Included  are  subroutines  for  calculation  of  geometrical  char- 
acteristics,  aerodynamic  performance,  control  surface  sizes,  power  requirements,  and 
component  weights.  The  GASP  and  CASCOMP  programs  can  be  used  to  conduct  parametric 
studies  of  a wide  variety  of  both  conventional  and  hybrid  airships. 

The  methods  of  analysis  used  in  the  synthesis  programs  are,  for  the  most  part, 
standard  methods  used  in  preliminary  design  of  aircraft.  They  employ  a mixture  of 
analytical  and  empirical  techniques.  One  major  difference  between  the  two  contractors 
was  in  the  manner  of  estimating  the  structural  weight  of  the  basic  hull.  Boeing 
employed  conventional  regression  analysis  to  obtain  an  empirical  weight  estimating 
relationship  (WER)  based  on  past  airship  hull  weights.  A factor  was  then  applied  to 
this  equation  to  account  for  modern  design  concepts  and  materials.  The  resulting 
equation  was  applied  to  all  the  conventional  and  hybrid  concepts  considered  in  their 
parametric  study. 

Goodyear  stated  that  "no  other  single  technology  is  of  greater  significance  to 
the  design  and  performance  of  airships  than  structural  efficiency,"  and  accordingly 
they  devoted  a significant  portion  of  their  effort  towards  developing  rational  WER's 
for  conventional  and  hybrid  airships.  In  their  analysis,  the  hull  weight  was  broken 
down  into  approximately  six  elements.  For  conventional  airships,  the  WER  for  each 
element  was  based  on  past  Goodyear  studies  updated  to  current  technology.  Lifting 
body  hybrids  were  treated  separately.  Because  no  large  vehicles  of  this  type  have 


ever  been  built,  there  is  no  reliable  data  base  for  developing  empirical  WER's. 
Goodyear  therefore  used  an  analytical  approach  based  on  airload  shear  and  moment 
distributions  and  simplified  structural  analysis  in  developing  WER's  for  lifting  body 
hybrids. 

4.4  Conventional  Airships 

Both  contractors  analyzed  and  compared  several  conventional  airship  concepts. 

The  rigid  design  considered  by  Goodyear  was  essentially  the  classical  Zeppelin  struc- 
tural concept  updated  with  modern  materials.  Metal  components  were  assumed  to  be 
made  of  aluminum  alloy  and  fabric  components  were  of  coated  dacron.  Thus  this  design 
is  well  within  the  current  state-of-the-art.  The  Goodyear  non-rigid  concept  was  also 
of  traditional  design.  Both  dacron  and  Kevlar  envelopes  were  considered.  Several 
types  of  pressurized  metalclad  designs  were  analyzed.  The  selected  design  was  similar 
to  a non-rigid  airship  in  that  it  used  ballonets  and  was  not  compartmented.  A sand- 
wich construction  monocoque  rigid  concept  was  briefly  analyzed  but  not  included  in 
the  parametric  analysis. 

Boeing  approached  the  vehicle  parametric  task  by  first  making  an  exhaustive 
survey  of  recently  proposed  airship  concepts  (Figure  11) . It  was  decided  to  select 
one  representative  rigid  and  one  non-rigid  design  for  the  parametric  analysis  of 
conventional  airships.  Analysis  of  structural  and  material  trade-offs  resulted  in 
the  selection  of  tri-axial  weave  Kevlar  29  laminate  coated  with  polyurethane  and 
Tedlar  films  for  the  primary  envelope  material  of  the  non-rigid.  Several  rigid 
airship  structural  concepts  and  materials  were  evaluated  by  considering  the  design 
of  a typical  bay.  The  selected  concept  consisted  of  a geodetic  construction  made 
of  Kevlar  composite  materials.  The  Boeing  conventional  airship  designs  are  somewhat 
beyond  the  current  state-of-the-art  but  should  be  capable  of  development  in  the  near 
future . 

Both  contractors  investigated  the  effects  of  type  of  construction,  size, 
and  Vc  on  performance  in  their  parametric  analysis  of  conventional  airships.  The 
effects  of  type  of  construction  and  size,  as  determined  by  Goodyear,  are  shown  on 
Figure  12.  The  dashed  lines  for  the  non-rigid  concepts  at  the  higher  gross  weights 
indicate  a requirement  for  improved  seaming  technology  in  this  region.  This  figure 
shows  that  non-rigids  tend  to  be  favored  for  small  sizes,  metalclads  for  mid-sizes, 
and  rigids  for  large  sizes  but  that  there  is  generally  not  a great  deal  of  difference 
between  the  concepts.  In  fact  all  concepts  had  a structural  weight-to-gross  weight 
ratio  of  about  0.4  over  a wide  range  of  gross  weights. 

Figure  12  also  shows  that  if  Kevlar  is  developed  as  an  envelope  material  for  a 
non-rigid,  then  the  non-rigid  is  the  superior  concept  for  almost  all  sizes.  Boeing, 
which  considered  only  a Kevlar  non-rigid,  came  to  this  same  conclusion.  The  optimum 
cruise  speed  of  fully-buoyant , conventional  airships  (based  on  specific  productivity) 
was  found  to  vary  from  60  to  120  knots  depending  on  size  and  concept  but  was  usually 
in  the  80  to  90  knot  range. 
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Figure  11  - Survey  of  Modern  Airship  Concepts. 


The  effect  of  fineness  ratio  was  investigated  by  Goodyear.  They  found  that  the 
optimum  (based  on  specific  productivity)  fineness  ratio  for  non-rigids  is  about  3.25, 
regardless  of  size.  For  rigids,  the  optimum  fineness  ratio  varies  from  4 for  a 
10,000  lb  GW  vehicle  to  8 for  a 1,000,000  lb  GW  vehicle. 

Goodyear  also  considered  the  effects  of  "heavy  flight"  of  conventionally-shaped 
airships,  that  is  flying  these  vehicles  at  an  angle  of  attack  in  order  to  obtain  a 
portion  of  the  lift  aerodynamically . (It  is  not  clear  whether  such  vehicles  should 
be  classed  as  conventional  or  hybrid  airships;  we  will  follow  Goodyear  and  include 
them  in  the  discussion  of  conventional  airships.)  When  8 is  varied  for  various  sizes 
of  rigid  airships,  the  trends  of  specific  productivity  shown  on  Figure  13  are  ob- 
tained. This  figure  indicates  that  relatively  small  vehicles  have  the  best  per- 
formance at  very  low  buoyancies  and  that  the  larger  vehicles  have  the  best  perfor- 
mance when  fully  buoyant. 

Range  can  have  an  important  effect  on  the  best  value  of  8 and  Goodyear  also 
investigated  this  factor.  For  rigid  airships  in  the  40,000  lb  GW  category,  it  was 
found  that  for  ranges  at  least  up  to  1500  n.mi.  the  optimum  8 tends  to  zero,  i.e.,  a 
vehicle  with  all  propulsive  lift  for  takeoff  and  landing  and  all  aerodynamic  lift  for 
cruise  is  the  most  desirable.  This  is  because  aerostatic  lift  is  inefficient  at  low 
GW.  For  large  airships,  those  with  GW  greater  than  2x10^  lb,  the  highest  productivity 
is  obtained  with  fully  buoyant  airships  at  all  ranges  greater  than  zero.  For  inter- 
mediate sizes  of  airships,  the  value  of  optimum  8 depends  on  range.  For  example,  for 
a 400,000  lb  GW  airship  (Figure  14)  no  buoyant  lift  is  optimum  at  short  ranges  and 
all  buoyant  lift  is  optimum  at  long  ranges.  At  intermediate  ranges,  intermediate 
values  of  £ are  optimum.  Similar  trends  were  found  for  non-rigids. 

An  important  attribute  of  conventional  airships  which  is  not  accounted  for  by  a 
productivity  figure  of  merit  is  their  capability  for  high  endurance  at  low  speeds. 
Figure  15  indicates  that  their  endurance  capability  is  many  times  greater  than  other 
hoverable  aircraft. 

4.5  Hybrid  Airships 

In  the  past  few  years,  various  individuals  and  organizations  have  proposed  a 
great  variety  of  hybrid  airship  concepts.  Most  of  these  are  listed  on  Figure  11. 

The  concepts  include  airships  with  wings,  lifting  body  shapes,  multiple  hulls,  and 
combinations  of  buoyant  hulls  with  rotors  or  rotor  systems.  These  concepts  may  have 
either  VTOL  or  STOL  capability. 

Because  of  the  large  number  of  potential  hybrid  concepts,  the  Feasibility 
Study  contractors  conducted  a brief  qualitative  survey  for  the  purposes  of  selecting 
a few  promising,  representative  concepts  for  parametric  evaluation.  Both  contractors 


UL  V,  EW  knots 


GROSS  WEIGHT,  lb 


GOODYEAR 


Figure  12  - Specific  Productivity  of  Fully  Buoyant  Airships. 
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Figure  14  - Effect  of  Heaviness  and  Range 

on  Productivity  of  400,000  lb  Gross 
Weight  Rigid  Airships. 
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quickly  eliminated  the  more  radical  concepts  due  to  design  uncertainty  and  the 
multiple  hull  concepts  due  to  their  relatively  high  surface  area-to-volume  ratios. 

The  concepts  selected  by  Boeing  are  shown  on  Figure  16,  which  includes  the 
conventional  concepts  discussed  earlier.  The  Aereon  Dynairship  concept  was  selected 
as  representative  of  the  lifting  body  concepts  because  of  the  background  of  informa- 
tion available  on  the  delta  planform  lifting  body  shape.  The  Megalifter  concept  is  a 
typical  example  of  the  winged  airships.  The  Helipsoid,  introduced  by  Boeing  in  this 
study,  is  a compromise  between  the  cylindrical  and  delta  shapes.  It  will  have  a 
better  surface  area-to-volume  ratio  than  the  Dynairship,  possibly  at  the  expense  of 
degraded  stability  and  control  characteristics.  The  Heli-Stat  was  selected  to  repre- 
sent the  rotary  wing  hybrids.  This  concept  combines  an  airship  hull  with  helicopters 
or  helicopter  rotor  systems.  As  mentioned  previously,  the  hull  weights  of  these 
hybrid  airships  were  estimated  with  the  same  formula  used  for  the  conventional  rigid. 

The  productivity  of  the  four  selected  hybrid  concepts  was  assessed  as  a func- 
tion of  range,  Vc,  8,  and  PL.  An  example  of  these  results  is  shown  in  Figure  17. 

For  a given  value  of  6,  specific  productivity  is  maximized  at  a specific  value  of  Vc . 
These  optimum  cruise  speeds  are  significantly  higher  than  those  for  conventional 
airships.  The  maximum  productivity  for  B=  0.35  is  greater  than  that  for  6=0.75 
and  Boeing  concluded  from  this  that  0.35  is  the  optimum  value  of  6.  However,  two 
points  are  not  sufficient  to  determine  an  optimum  and  it  seems  just  as  likely  that 
Figure  17  indicates  a trend  to  6=0  for  maximum  productivity.  This  latter  conclusion 
would  agree  with  Goodyear's  results  for  heavy  conventional  airships  of  this  payload 
size  and  range  which  were  discussed  earlier. 

Goodyear  selected  two  hybrid  concepts  for  parametric  evaluation.  The  first 
of  these  was  a lifting  body  shape  which  had  a parabolic  planform  with  elliptical 
cross  sections.  This  shape  was  chosen  because  of  structural  weight  considerations 
and  the  proximity  of  the  centers  of  buoyancy  and  pressure  (which  should  lead  to  good 
stability  and  control  characteristics).  An  interesting  feature  of  the  shape  is 
that  the  longitudinal  sections  closely  resemble  standard  airfoil  profiles.  The  hull 
structure  was  assumed  to  be  conventional  Zeppelin-type  rigid  construction.  As  men- 
tioned previously,  an  analytically-based  method  was  used  for  structural  weight 
estimation . 

The  parametric  analysis  of  the  Goodyear  lifting  body  hybrid  focused  on  deter- 
mining the  values  of  aspect  ratio,  thickness-to-chord  ratio,  and  V which  maximized 

c 

productivity  at  various  values  of  GW,  6,  and  range.  The  results  of  this  analysis 
are  summarized  on  Figure  18.  This  figure  shows,  for  example,  that  Vc  tends  to 
decrease  with  increasing  6,  increase  with  increasing  size,  and  decrease  with  in- 
creasing range.  A.spect  ratios  are  in  the  range  of  from  0.5  to  1.5.  The  effects 
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Figure  15  - Endurance  Capability 
of  Hoverable  Aircraft. 


Figure  16  - Concepts  Selected 
for  Parametric  Evaluation. 
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of  variations  in  6 on  the  productivity  will  be  discussed  in  the  following  section. 

The  second  hybrid  investigated  by  Goodyear  was  the  Heli-Stat.  This  concept  was 
not  assessed  with  a productivity  figure  of  merit  and  was  not  compared  to  the  other 
concepts  but  rather  was  considered  as  a specialized  vehicle  for  HL/SH  application. 

The  Heli-Stat  configuration  was  selected  because  it  utilizes  proven  and  existing 
components  and  systems  and  thus  is  presumably  a relatively  near-term,  cost-effective, 
and  low-risk  concept.  The  advantages  of  the  concept  over  conventional  airships  are 
greater  controllability  and  station-keeping  capability  and  elimination  of  the  need 
for  ballast.  The  advantages  over  helicopters  are  increased  payload  capability  and 
decreased  operating  costs  per  pound  of  payload.  Goodyear  concluded  that  this  concept 
can  be  sized  to  meet  a large  range  of  payloads  while  maintaining  a UL/EW  ratio  of 
approximately  1.0. 

-1.6  Comparison  of  Concepts 

Goodyear  compared  their  lifting  body  hybrid  concept  with  their  conventional 
rigid  airship  concept  at  various  values  of  GW,  6,  and  range.  An  example  is  presented 
in  Figure  19  which  shows  the  results  for  400,000  lb  GW  vehicles.  The  conventional 
rigid  is  required  to  have  VTOL  capability  while  the  hybrid  is  not.  The  break  in  the 
curve  for  the  zero  range  rigid  occurs  because  below  6=0.65  the  power  requirements  are 
determined  by  takeoff  and  above  this  value  by  cruise.  The  figure  shows  that  at  short 
ranges  the  productivity  increases  continually  as  6 is  decreased,  indicating  that  a 
vehicle  with  no  buoyant  lift  (an  airplane)  would  be  optimum.  For  a 1500  n.mi.  range, 
the  conventional  airship  has  an  optimum  in  the  range  of  .5  to  .6.  The  hybrid, 
however  exhibits  a minimum  productivity  at  intermediate  values  of  6 and  productivity 
is  best  at  either  very  low  or  very  high  values  of  6.  Finally,  note  that  at  nearly 
every  value  of  range  and  6,  the  conventional  airship  has  higher  productivity  than  the 
hybr id . 

Based  on  their  comparative  analysis  of  conventional  rigids  and  lifting  body 
hybrids  for  productivity  missions,  Goodyear  concluded  the  following:  (1)  for  short 

ranges  or  low  gross  weights  or  both,  the  optimum  airship,  regardless  of  type,  tends 
to  zero  buoyancy,  i.e.,  an  airplane;  (2)  for  intermediate  to  long  ranges  and  inter- 
mediate to  large  gross  weights  the  optimum  hybrid  tends  either  to  zero  or  full 
buoyancy;  (3)  for  intermediate  ranges  and  intermediate  to  large  gross  weights 
heavy  flight  is  optimum  for  the  conventional  rigid;  (4)  for  long  ranges  and  large 
vehicles,  the  conventional  rigid  tends  toward  full  buoyancy:  (5)  only  at  extremely 
large  sizes  on  the  order  of  6x10^  lb  GW  does  the  hybrid  seem  to  have  an  advantage 
over  the  conventional  airship.  (It  may  also  be  superior  to  airplanes  in  this  size; 
however,  there  is  the  question  of  the  utility  of  these  large  vehicles.) 


Boeing  compared  their  six  study  concepts  on  three  different  missions  in  50  and 
100  ton  payload  sizes.  The  missions  consisted  of  a short  range  profile  (300  n.mi. 
range  and  2000  ft  altitude),  a transcontinental  profile  (2000  n.mi.  and  13,000  ft) 
and  an  intercontinental  profile  (5000  n.mi.  and  2000  ft).  The  results  showed  that  on 
a specific  productivity  basis  the  Helipsoid  concept  was  best  for  the  short  range  and 
transcontinental  missions  while  the  conventional  non-rigid  was  best  for  the  long 
range  intercontinental  mission. 

An  example  of  the  Boeing  comparative  results  is  shown  on  Table  II.  For  the 
transcontinental  mission  and  a 50  ton  payload  size,  the  Helipsoid  was  found  to  have 
the  highest  productivity  by  a significant  margin,  followed  by  the  other  three  hybrid 
concepts.  The  conventional  concepts  have  the  lowest  productivity  with  the  rigid 
design  being  the  worst  of  all.  Note  that  the  speed  of  the  hybrids  is  almost  double 
that  of  the  conventional  airships.  The  value  of  the  hybrids  is  0.35,  but  as  dis- 
cussed earlier,  insufficient  data  was  generated  to  establish  this  as  the  optimum  value. 

5.  CONCLUSIONS  AND  RECOMMENDATIONS 
5.1  Contractor  Recommendations 

The  civil  vehicles  and  their  missions  proposed  for  detailed  study  in  Phase  II 
by  the  two  Feasibility  Study  contractors  are  shovm  in  Table  III.  Both  of  the  Goodyear 
vehicles  employ  essentially  conventional-shaped  envelopes,  i.e.,  circular  cross  sec- 
tions and  approximately  elliptical  profiles.  The  Boeing  vehicle  concept  is  the 
Helipsoid  with  elliptical  cross  sections  and  profile. 

Boeing  selected  the  transcontinental  mission  because  of  the  reasons  discussed 
previously  in  Section  3.3.  Essentially,  they  postulated  that  if  airship  operating 
costs  proved  to  be  sufficiently  low  then  a small  segment  of  the  domestic  freight 
market  might  be  captured.  Even  a small  segment  of  this  large  market  would  be  suf- 
ficient to  generate  development  incentive.  A payload  size  of  50  tons  was  felt  to 
offer  a good  compromise  between  the  efficiency  of  larger  vehicles  and  the  utility  of 
smaller  vehicles. 

The  selection  of  a small,  short-haul  concept  by  Goodyear  deserves  some  explana- 
tion in  view  of  their  finding,  discussed  in  Section  4.6,  that  airships  probably 
cannot  compete  on  a productivity  basis  with  airplanes  for  this  class  of  missions. 
However,  many  of  these  missions  are  in  heavily  populated  areas  where  noise  and  pol- 
lution requirements,  especially  the  former,  are  of  critical  importance.  Since  an 
airship  can  achieve  VTOL  capability  with  lower  power  requirements  than  a heavier- 
than-aircraf t , an  airship  can  achieve  low  noise  levels  more  easily  and  may  be  the 
preferred  system  for  many  of  these  short-haul  missions  when  all  factors  are  considered. 
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The  other  concept  recommended  by  Goodyear  would  provide  airborne  lifting  capa- 
bilities far  in  excess  of  anything  in  existence  today.  There  are  several  potential 
military  as  well  as  civil  applications  for  such  a vehicle,  although  the  extent  of  the 
market  is  not  well  defined  at  the  present  time.  It  should  be  noted  that  several 
vehicle  concepts  appear  promising  for  this  application.  Goodyear  selected  the  Heli- 
Stat  based  on  their  judgement  that  it  would  need  relatively  little  development  effort. 

The  rather  dramatic  difference  in  the  selected  vehicle/mission  combinations  of 
the  two  contractors  is  easily  explained  when  the  differences  in  their  Phase  I analyses 
are  examined.  For  example,  the  difference  in  vehicle  concepts  which  were  selected 
results  from  the  following:  (1)  Goodyear  considered  heavy  flight  of  conventional 

airships  while  Boeing  did  not;  (2)  because  of  reasons  discussed  earlier,  the  struc- 
tural weight  estimates  for  lifting  body  hybrids  were  higher  for  Goodyear  than  for 
Boeing;  (3)  Goodyear  performed  a more  conclusive  analysis  of  the  effects  of  partial 
buoyancy  for  lifting  body  hybrids  than  did  Boeing. 

5.2  Concepts  for  Phase  II  Study 

By  mutual  agreement  between  the  NASA  and  Boeing,  the  latter  did  not  continue 
into  Phase  II  of  the  Feasibility  STudy,  leaving  Goodyear  as  the  sole  contractor. 

This  phase  is  nearing  completion  as  of  the  present  writing.  The  two  vehicle/mission 
combinations  proposed  by  Goodyear  were  approved  for  study  in  Phase  II  with  only  minor 
modifications.  The  airport  feeder  concept  (Figure  20)  is  being  studied  in  an  80 
passenger  size.  The  primary  objective  is  to  obtain  a design  with  low  operating  costs 
which  meets  a severe  noise  requirement  and  has  acceptable  operating  characteristics. 
The  heavy  lifter  (Figure  21)  is  being  studied  in  a 75-ton  payload  size  since  this 
smaller  size  is  more  likely  for  initial  development.  The  objective  of  the  heavy 
lifter  study  is  to  derive  a design  with  low  operating  costs  and  versatile  operating 
characteristics . 

The  tasks  of  Phase  II  are  shown  on  Figure  2.  For  each  of  the  two  vehicles, 
detailed  point  designs  have  been  established.  This  enabled  operating  costs  to  be 
estimated  and  the  operational  procedures  to  be  defined.  These  important  considera- 
tions were  neglected  in  Phase  I due  to  time  and  budget  limitations.  The  final  task 
is  to  identify  technology  development  which  is  either  necessary  or  desirable  for 
successful  development  of  the  vehicle  concepts.  As  mentioned  previously,  the  Phase 
II  study  was  broadened  to  include  Navy  applications. 

Taken  in  total,  the  Feasibility  Study  of  Modern  Airships  represents  the  most 
comprehensive  and  detailed  technical  evaluation  of  airships  in  several  decades.  The 
final  results  of  this  study  should  establish  the  worth  of  future  airship  research  and 
development  and  Indicate  the  directions  this  research  and  development  should  take. 
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Figure  20  - Airport  Feeder  Concept 
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Figure  21  - Heavy  Lift  Concept. 


Table  II  - Vehicle  Selection,  2000  n.mi.  Range,  50  Ton  Payload,  and  13,000  ft  Altitude. 


CONFIGURATION 


CONV 

RIGID 

CONV 

NON-RIGID 

DELTOID 

DYNAIRSHIP 

GUPPOID 

MEGALIFTER 

1 

HELIPSOID  1 

HELI-STAT 

MAX  PL  VC/EW 
(Knots) 

45 

; 

65 

100 

90 

137 

96 

SPEED  FOR  ABOVE 
(Knots) 

82 

78 

150 

150 

150 

135 

BUOYANCY  RATIO 

1 00 

1.00 

.35 

35 

35 

35 

VOLUME  (ft3) 

10,000,000 

7.600.000 

3,900,000 

4.800,000 

2,300.000 

4.000.000 

GROSS  LIFT  (lb) 

360.000 

270.000 

420,000 

400,000 

260,000 

440,000 

LENGTH  (ft) 

740 

670 

420 

570 

320 

540 

SPAN  (Dia)  (ft) 

(165) 

(149) 

320 

(160) 

180 

(120) 

SUMMARY 

SELECTION 

1 

BOEING 


Table  III  - Proposed  Civil  Vehicle/Mission  Combinations  for  Phase  II  Study. 
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GROSS 
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PAYLOAD 
1000  ibs 
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40 

~18 
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SHORT  HAUL 
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0.5S 

VTOL 
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LIFTER 
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Abstract 


Two  nonrigid  airship  envelopes  were  removed  from  storage  at 
NAS,  Lakehurst,  New  Jersey  , where  they  were  placed  in  1961.  The 
envelopes  were  inspected  to  determine  their  suitability  for  further 
flight  service.  These  were  a ZPG-3W  1,496,000  cu.  ft.  cotton 
envelope  (D-621)  and  a ZPG-2  975,000  cu.  ft.  Dacron  envelope  (GDC-5). 
The  inspection  consisted  of  internal  and  external  visual  examination 
and  removal  and  tests  of  specimens.  The  ZPG-3W  envelope  was  found 
to  be  extensively  damaged  due  to  conditions  under  which  it  was 
stored.  It  was  judged  irrepairable  and  was  scrapped.  The  ZPG-2 
envelope  was  in  good  condition  generally.  An  area  of  the  upper 
surface  exhibited  low  interply  adhesion  and  reinforcement  of  that 
portion  was  recommended  prior  to  applying  loads  of  any  magnitude. 

The  envelope  was  considered  to  be  suitable  for  further  flight 
service  when  reinforcement  of  the  upper  surface  was  accomplished. 


I.  IM'KOIM  CTION 


A ZPG-3K  and  a ZPC-2  airship  envelope  were  placed  in  storage 
at  the  NAS,  Lakehurst  since  1961  and  1962  when  the  Navy  discon- 
tinued the  use  of  airships  as  operational  aircraft.  The  ZPG-3W 
envelope  was  a cotton  fabric  type  1,496,000  cubic  feet  in  volume, 
with  manufacturer’s  Serial  Number  D-621,  The  ZPG-2  was  a 975,000 
cubic  feet  Dacron  (polyester)  type,  Serial  Number  GDC-5. 

These  envelopes  were  stored  in  the  envelope  storage  fingers 
of  the  Fabric  Shop,  Building  #123  which  was  specifically  designed 
for  such  purposes  and  was  originally  equipped  to  maintain  con- 
trolled environmental  conditions.  During  the  14  years  of  storage, 
however,  efforts  to  furnish  a controlled  atmosphere  stopped,  the 
air  conditioning  equipment  had  been  removed.  In  addition,  the 
building  itself  was  in  need  of  repair.  Hence,  both  envelopes 
were  subjected  to  temperature  and  humidity  variations  produced 
by  climatic  changes  and  to  accumulations  of  rainwater  from  leaks 
in  the  roof. 

Because  of  recent  interest  in  the  Navy  in  new  uses  for  LTA 
vehicles  such  as  reconnaissance,  transporation , and  heavy  lift 
operations,  a possible  need  was  seen  for  employing  the  stored 
envelopes  in  experimental  programs.  Preliminary  examinations 
of  the  envelopes  were  made  while  they  were  in  storage.  These 
included  removal  of  a few  specimens  of  fabric  for  physical  tests. 

On  the  basis  of  these  tests,  reference  (a)  and  the  visual  appearance 
of  the  fabric,  it  was  concluded  that  a full  and  detailed  inspection 
was  warranted  to  determine  airworthiness  and  the  NAVAIRDEVCEN 
(Naval  Air  Developmen  Center)  was  charged  by  the  NAVAIRSYSCOM 
(Naval  Air  Systems  Command)  (AIR  03P3)  to  conduct  the  inspection. 

The  detailed  Inspection  was  performed  primarily  by  personnel 
from  NAVAIRDEVCEN  and  National  Aeronautics  and  Space  Administration 
Headquarters,  assisted  by  personnel  from  the  United  States  Air  Force 
Range  Measurement  Laboratory. 

On  removal  from  storage  and  during  the  "unrolling",  the  ZPG-3W 
cotton  hull  was  found  to  contain  large  quantities  of  water  within 
the  folds,  especially  concentrated  on  the  top  center  area.  The 
forward  and  aft  ends  had  been  folded  into  and  laid  on  the  center 
top. 


The  aft  end  of  the  envelope  had  the  characteristic  musty 
smell  of  mildew  and  the  fabric  was  uniformly  stained  with  the 
naturally  produced  pigments  of  mildew.  Mildew  had  fed  on  the 
cotton  fabric  of  the  aft  end  completely  rotting  and  weakening  the 
fabric. 
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Other  fabric  areas,  in  contact  with  water,  were  similarly 
stained  but  to  a less  degree.  Sample  fabric  discs  were  removed 
from  both  stained  and  unstained  areas.  Physical  tests  confirmed 
the  degradation  of  the  strength  in  the  stained  areas. 

The  decision  was  made  to  scrap  the  ZPG-3W  envelope  and  to 
validate  the  airworthiness  of  the  ZPG-2  Dacron  envelope,  (GDC-5) . 

On  removal  from  storage,  and  after  the  unrolling,  the  center 
top  of  the  ZPG-2  hull  (GDC-5)  was  found  to  be  wet.  The  inspection 
consisted  of  internal  and  external  examination  and  removal  and 
test  of  specimens.  The  GDC-5  envelope  was  in  good  condition 
generally.  An  area  of  the  upper  surface  exhibited  low  interply 
adhesion. 


2.  HISTORY  AND  BACKGROUND 

2.1  ZPG-3W  Cotton  Envelope  D-621 

The  ZPG-3W  cotton  envelope  was  constructed  in  1959  - 1960  by 
the  Goodyear  Aerospace  Corporation  (formerly  Goodyear  Aircraft 
Corporation)  of  a two  ply  cotton  neoprene  material;  a bias  outer 
ply  and  a straight  inner  ply.  The  basic  dimensions  were  85  feet 
by  403  feet,  reference  (b).  The  panels  and  gore  seams  of  the 
envelope  were  bonded,  double  stitched  and  taped.  There  were 
four  ballonets  within  the  envelopes;  one  forward,  one  aft  and  two 
amidship.  The  ballonets  were  constructed  of  a two  ply  neoprene 
coated  nylon  fabric.  All  fabrics  were  designed  for  operation  in 
temperatures  from  25°F.  to  140°F. 

The  D-621  envelope  was  built  as  a spare  as  part  of  the 
contract  for  the  ZPG-3W  airships.  Upon  delivery  to  the  Navy, 
it  was  placed  in  storage  at  Lakehurst.  The  envelope  log  could  not 
be  located  and  therefore  a detailed  service  history  is  not  avail- 
able. As  far  as  is  known,  this  envelope  was  never  inflated  for 
flight  service  and  was  probably  in  storage  from  the  delivery  date 
until  its  recent  removal. 

2.2  ZPG-2  Dacron  Envelope  GDC-5 

The  GDC-5  was  constructed  by  the  General  Development 
Corporation  (no  longer  in  business)  in  1960  of  a two  ply  neoprene 
coated  Dacron  polyester  fabric  bonded  together  with  neoprene  and 
neoprene  hypalon  (aluminum)  coating  on  the  surface;  a bias  outer 
ply  and  a straight  inner  ply.  The  four  ballonets  were  constructed 
of  a two  ply  lightweight  nylon. 

The  envelope  was  configured  for  use  with  either  a ZPG-2  or 
ZPG-2  VJ  type  airship  installation.  Hie  ZPG-2/2W  was  a smaller 
airship  envelope  than  the  ZPG-3W;  75  feet  by  339  feet. 
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A compilation  of  data  on  the  GDC-5  was  obtained  from 
H.  Walker,  reference  (c).  The  information  was  garnered  from  OAR 
(Overhaul  and  Repair)  inventories,  status  tests  and  the  airship 
flight  logs. 

The  GDC-5  was  completed  1C  Novemher  1960.  The  airship  was 
delivered  and  placed  in  storage  In  December  I960. 

The  envelope  was  first  erected  on  airship  ZPG-2 , #141560  in 
1960.  Envelope  GDC-5  was  modified  to  the  ZPG-2  configuration 
prior  to  its  inflation. 

Between  March  and  June  1961,  the  ZPG-2  #141560  (with  envelope 
GDC-5)  logged  56  flights  or  a total  of  694.1  flight  hours. 

On  30  June  1961,  all  fleet  airship  flight  activity  was 
halted  and  ZPG-2,  #141560  was  dlscommissioned  and  envelope  GDC-5 
was  stored.  Two  research  and  development  airships  remained  in 
flight  status.  One  of  these  the  ZPG-2  #141560,  remained  in 
service  for  14  more  months.  On  2 August  1961,  #141561  was  ordered 
transferred  from  Naval  Air  Development  Unit,  South  Weymouth  to 
Lakehurst  for  assignment  to  Airship  Test  and  Development  Squadron. 
Envelope  GDC-5  was  installed  on  ZPG-2,  #141561.  After  GDC-5  was 
installed,  the  ZPG-2,  #141561  airship  made  61  flights  through 
August  1962  logging  618.2  flight  hours.  Many  of  the  components 
including  the  envelope  of  ZPG-2,  #141561  were  stored  at  NAS, 
Lakehurst  following  its  discommissioning. 

Summing  up  the  entire  service,  the  GDC-5  envelope  has 
logged  1,312.3  total  flight  hours  on  the  two  airships  with  117 
flights. 

i.  EQUIPMENT  AND  MATERIALS 


When  the  airship  components  were  placed  in  storage  at  NAS, 
Lakehurst  in  1961,  the  Navy  technology  of  the  O&R  of  airships  came 
to  a complete  halt.  Consequently,  it  was  not  surprising  that  many 
problems  and  difficulties  were  encountered  in  amassing  the  needed 
equipment,  materials  and  personnel  to  undertake  the  task  of 
inspecting  an  airship. 

Little  in  the  way  of  equipment  for  airship  envelope  maintenance 
and  inspection  was  known  to  be  available  NAS,  Lakehurst.  Through 
the  cooperation  of  station  personnel,  a few  experienced  airship  O&R 
technicians  were  located,  some  of  whom  still  retained  the  tools 
used  in  the  O&R  of  airships. 
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Loth  cotton  and  Dacron  repair  materials  were  supplied  by  the 
Goodyear  Aerospace  Corporation.  Fortunately,  useable  material  of 
the  proper  weight  and  strength  still  existed  in  sufficient 
quantities. 

A detailed  list  and  description  of  the  equipment  and  tools 
used  during  the  inspection  are  presented  in  the  Appendix. 


4.  EXAMINATION  TECHNIQUES  AND  FINDINGS 

Two  methods  of  examination  were  used  to  determine  the  con- 
dition and  airworthiness  of  the  envelope:  (1)  visual  inspection 

and  (2)  laboratory  testing  of  samples  removed  from  the  envelope. 

The  necessary  manpower  (70  - 80  persons)  necessary  to  move, 
unroll  and  position  the  envelope  were  employed  through  a con- 
tractor, reference  (e).  The  work  was  divided  into  three  phases 
as  follows: 

Phase  I - Unroll  envelope  and  position  for  preliminary 
inspection . 

Phase  II  - Reposition  envelope  for  further  inspection  to 
other  side  of  envelope. 

Phase  III  - Fold  the  envelope  for  return  to  storage. 

4.1  \ isual  Inspection 


The  visual  inspection  was  conducted  to  determine  the  condition 
of  the  envelope  fabric,  security  of  bonded  seams  and  area  to 
determine  any  injury  to  the  fabric.  Visual  inspection  included 
the  examination  of  the  surface  of  the  envelope  fabric,  and  the 
seams,  inside  and  outside  the  envelopes.  The  permanently  attached 
ballonets  and  airlines  were  also  examined,  inside  and  outside. 

4.1.1  ZPG-3W  Cotton  Envelope  D-621 

The  D-621  had  been  stored  In  a configuration  wherein  the 
fore  and  aft  ends  had  been  folded  in  and  laid  on  the  surface  of 
the  top  center  area.  After  unrolling  it  was  observed  that  pools 
of  water  were  present  on  the  surface  of  the  top  center  area;  the 
fore  and  aft  ends  were  wet. 

The  neoprene-hypalon  surface  coating  had  changed  to  a 

bronze  color  and  some  cracking  of  the  coating  had  occurred. 

Stained  and  disclored  areas  were  observed;  these  occurred 
in  the  areas  where  water  had  laid  or  v?here  the  fabric  had  been 
in  contact  with  the  water. 


The  aft  end  of  the  envelope  had  the  characteristic  musty  smell 
of  mildew  and  contained  the  largest  area  of  stained  and  discolored 
fabric.  On  close  examination,  it  was  found  that  the  cotton  in  the 
aft  end  had  been  completely  digested,  undoubtedly  by  mildew  micro 
organisms.  Nothing  remained  of  the  original  two  ply  cotton  except 
the  neoprene  which  was  very  elastic.  The  slightest  finger  pressure 
created  a hole  in  this  area. 

4.1.2  ZPG- 2 Dacron  Envelope  GDC-5 

The  GDC-5  had  been  stored  in  a configuration  similar  to  the 
D-621;  the  forward  and  aft  end  folded  into  and  in  contact  with  the 
top  center  area.  Again  on  unfolding,  evidence  of  the  presence  of 
moisture  was  found;  the  top  center  area  was  wet. 

The  visual  inspection  was  conducted  by  a group  of  eight 
divided  into  four  teams  of  two  each. 

A complete  inspection  report  is  presented  in  Table  I,  II, 

III  and  IV. 

In  general  the  surface  of  the  fabric  had  a good  silver  color 
and  appeared  to  be  that  of  a new  fabric.  Areas  in  the  top  center 
and  the  aft  and  forward  ends  were  however,  discolored  and  contained 
a yellowish-green  surface  deposit.  In  these  same  areas,  blisters 
under  the  tapes  were  observed  and  some  had  trapped  water  inside. 
Figure  1.  The  presence  of  trapped  water  was  verified  in  that 
water  spurted  out  of  blisters  when  pierced  with  a knife  point. 

During  the  time  the  envelope  was  on  the  deck,  many  of  the  blisters 
dried.  Dried  blisters  are  also  seen  in  Figure  1. 

Damage  from  handling  during  transport  occurred  in  pattern  38P. 

The  envelope  was  partially  inflated  with  air  to  facilitate  the 
inspection  of  the  inside.  The  ballonets  were  entered  from  the 
helium  chamber  by  slitting  open  the  access  panels. 

Inspection  of  the  ballonets  were  conducted  by  two  person  teams; 
one  person  was  inside  and  the  second  person  was  on  the  outside  cat  ty- 
ing a bright  light.  The  outside  person  passed  the  light  over  the 
ballonet,  pattern  by  pattern,  holding  the  light  approximately  8-10 
inches  from  the  fabric.  The  person  on  the  opposite  side  checked  for 
the  transmission  of  the  light.  Pin  holes  in  the  fabric  appeared  as 
bright  points  of  light.  The  ballonet  fabric  appeared  to  be  in 
excellent  condition.  Three  holes  were  found:  (1)  in  the  forward 

ballonet  and  (2)  and  (3)  in  the  center  port  ballonet. 

The  access  slits  from  the  helium  chamber  were  left  open  for 
future  use. 
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Load  sleeves,  access  sleeves,  inspection  sleeves,  ECM  antenna 
sleeves,  etc.,  were  not  inspected. 

1.2  Laboratory  lost  i r i o 

Laboratory  testsing  of  sample  discs,  removed  from  the  envelope, 
were  conducted  to  determine  the  strength  and  permeability  character- 
istics of  the  fabric  at  the  time  of  inspection. 

Physical  tests  were  conducted  in  accordance  with  references 
(f)  and  (g) ; one  inch  wide  specimens  were  used  to  enable  the  maximum 
number  of  tests  for  a given  sample  disc. 

4.2.1  ZPG-3W  Cotton  Envelope  D-621 

During  the  removal  of  the  first  sample  disc  from  one  of  the 
stained  areas,  panel  41/gore  E,  it  was  noted  that  the  fabric  cut 
with  ease.  The  removed  sample  disc  tore  easily  with  very  slight 
hand  pull.  Four  other  test  discs  were  removed,  two  each  from 
stained  and  unstained  areas.  The  test  results  are  presented  in 
Table  V. 

The  cotton  fabric  in  the  aft  end  was  completely  deteriorated. 
While  this  cotton  condition  was  fairly  local,  the  physical  tests 
indicated  degradation.  Specimens  from  the  stained  and  discolored 
patterns  showed  degradation  of  strength  and  increased  permeability. 
The  stained  and  discolored  areas  were  undoubtedly  evidence  of  the 
effect  of  mildew.  Those  patterns  not  subject  to  mildew,  unstained, 
showed  good  retention  of  physical  properties,  Table  VI. 

4.2.2  ZPG-2  Dacron  Envelope  GDC- 5 

Initially,  four  test  discs,  spaced  over  intervals  of  the  top 
of  the  Dacron  envelope,  were  removed  and  tested.  The  test  discs 
included  one  from  the  discolored  area  (44H) . 

Examination  of  the  test  results.  Table  VII,  indicate  that 
test  specimens  from  the  44H  sample  disc  exhibited  extremely  low 
interply  adhesion.  An  effort  was  made  to  determine  the  extent  of 
the  poor  ply  adhesion  keeping  in  mind  the  need  to  limit  sampling 
to  as  few  as  possible  without  limiting  any  critical  area.  A simple 
peel  test  was  devised  that  consisted  of  the  following  procedure: 

(1)  a thin-bladed  knife  was  carefully  inserted  between  the  two 
plies  of  fabric;  (2)  two  parallel  cuts,  separation  by  one  inch  were 
made  on  the  outer  fabric;  (3)  a horizontal  cut  connected  by  parellel 
ones  thereby  forming  a tongue.  The  "tongue"  was  pulled  back.  The 
foilwing  patterns  were  tested  with  this  peel  test:  (1)  391;  (2)  421 

(discolored),  (3)  431  (discolored);  (4)  43H  (slightly  discolored); 

(5)  481;  (6)  52D;  (7)  601  and  (8)  67H.  Of  these  peel  tests,  those 
close  to  the  44H  pattern  that  exhibited  low  interply  adhesion, 
behaved  in  a similar  manner.  The  "tongue"  of  the  421,  431  and  43H 
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discolored  I patterns  peeled  back  with  very  little  effort  and  one 
surface  of  the  ply  interface  was  clean.  Test  discs  were  removed 
from  these  patterns.  The  "tongue"  of  the  remaining  peel  tests 
required  great  effort  to  pull  back.  These  patterns  were  judged 
to  have  good  interply  adhesive.  Sample  test  discs  43H  and  521)  were 
tested  by  the  United  States  Air  Force  Range  Measurement  Laboratory 
and  the  results  -.are  presented  in  reference  (h).  There  was  good 
agreement  between  their  test  data  and  the  test  results  of  NAVAIRDF.VCF.N , 
Table  VIII.  Low  interply  adhesion  was  shown  by  the  test  specimens 
from  the  sample  discs  in  proximity  to  pattern  44 H. 

Test  specimens  were  heated  for  16  hours  at  100°F  to  determine 
if  temperature  would  improve  the  interply  adhesive.  Two  specimens 
showed  a slight  improvement  in  the  ply  adhesion  and  two,  a decrease 
in  the  ply  adhesion, Table  VIII.  Because  of  the  Inconclusiveness  of 
these  results,  no  further  temperature  tests  were  conducted. 

A sample  disc  was  removed  from  each  of  the  four  ballonets.  The 
test  results  are  presented  in  Table  IX.  The  results  of  the  fabric 
tests  at  the  time  of  manufacture  were  entered  in  the  envelope 
manufacturer's  log,  reference  (i).  Each  roll  of  fabric  has  been 
assigned  an  individual  identification  number.  The  envelope 
manufacturer's  log  lists  the  envelope  number,  every  pattern  in 
the  envelope  and  the  number  of  the  roll  from  which  each  was  cut. 

The  currently  generated  physical  test  dat3  Is  compared  to  the 
original  test  values.  Tables  X and  XI.  The  original  test  values 
were  obtained  by  consulting  the  manufacturer's  log  to  find  the 
number  of  the  roll  from  which  the  pattern  in  question  was  cut.  The 
original  test  data  was  then  located  in  the  laboratory  test  records. 
Examination  of  the  test  results  shows  excellent  retention  of 
strength  and  permeability. 

4.3  Electron  Photomicrograpbic  Examination 


An  electron  photomicrographic  examination  was  made  by  the 
Range  Measurement  Laboratory.  The  photomicrographs,  Figure  2,  show 
that  the  neoprene  pulled  off  the  polyester  monofilaments  of  the 
better  ply  adhesion  test  specimens  with  difficulty,  leaving  pull 
marks  (irregular  mottled  spots).  These  pulled  marks  are  raised 
deformations  caused  by  tension.  No  such  pull  marks  appear  on  the 
monofilaments  of  test  specimens  with  low  ply  adhesion. 


1.4  Instrumental  Analysis  and  Solubility  Tests 


Efforts  were  made  to  identify  the  yellowish  material  deposited 
on  the  surface  of  the  fabric  with  discolored  patterns.  Infra-red 
analysis  indicates  that  the  material  was  of  inorganic  structure ;no 
organic  structure  was  identified.  Emission  spectroscopy  for  metallic 
constituents  indicated  that  the  material  was  predominately  of  a 
silicate  nature;  an  inorganic.  Microscopic  examination  further 
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confirmed  the  inorganic  nature  of  this  material. 

Solubility  tests  indicated  that  the  material  was  insoluble 
in  the  solvents  used,  behaving  in  a manner  similar  to  vermiculite, 
a hydrated  silicate  mineral. 

It  is  hypothesized  that  this  material  is  the  residue  of  the 
talcum  powder  used  to  destroy  the  tack  of  the  excess  cement.  The 
dusting  powder  is  a hydrated  magnesium  silicate,  an  inorganic  material. 

5.  REPAIRS 

Repairs  consisted  primarily  of  installing  patches  over  cut-outs 
from  which  test  specimens  had  been  removed. 

The  repair  materials  included:  (1)  polyester  (Dacron)  two 

ply  fabric  (Code  N 313-A-130) ; (2)  polyamide  (Nylon)  two  ply  fabric 
(Code  N 288-A-220) ; and  (3)  Adhesive  system  (1451  cement  and 
accelerators  983  and  1467C). 

The  Dacron  fabric  was  of  similar  weight,  strength  and  permea- 
ability  to  the  NH  311E76-15A  fabric  originally  used  for  the  envelope. 
Table  XII.  The  compatibility  of  bonding  the  Dacron  fabric  to  the 
envelope  fabric  with  the  1451  adhesive  system  was  tested  and  reported 
to  be  satisfactory,  reference  (j). 

The  Nylon  fabric  from  current  stock,  was  of  similar  strength 
and  permeability  to  the  N 202B34  fabric  originally  used.  No 
physical  tests  were  made  of  this  repair  fabric  due  to  the  limited 
amount  of  material. 

All  repairs  to  the  airship  fabrics  involved  the  preparation  of 
the  repair  materials  and  the  cleaning  and  preparation  of  fabric 
surfaces.  These  procedures  are  thoroughly  discussed  in  references 
(d) , (Section  V)  (k)  and  (1).  The  specific  preparation  procedures 
used  for  the  different  surfaces  encountered  were  done  in  accordance 
with  Table  XIII.  Trichlorethane  1.1.1  (stabilized)  solvent  was 
used.  Scotch-Brite  was  used  to  buff  the  surface  of  the  fabric. 

In  making  the  repairs  on  the  Dacron  fabric,  it  was  necessary  to 
use  a second  accelerator,  the  1467-C,  to  ensure  a proper  bond.  The 
proper  preparations  are  shown.  Table  XIV,  for  the  three  different 
mixtures:  (1)  extra  light,  (2)  light;  and  (3)  heavy. 

Nine  coats  of  adhesive  was  applied  to  the  mating  surfaces 
as  follows: 


(1) 

First 

and 

second 

coats 

- 

extra  light  mixture 

(2) 

Third 

and 

fourth 

coats 

- 

light  mixture. 

(3) 

Fifth 

and 

ninth 

coats 

- 

heavy  mixture. 
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Repair  procedures  are  presented  in  Section  V of  reference  (d). 
Patches  were  placed  on  the  inside  and  outside  of  areas  requiring 
repair.  Tables  XIII  and  XVI  include  a complete  tabulation  of  the 
repairs  made  to  tne  fabric  envelope  and  ballonets. 

6.  DISCISSION 


6.1  /P(,  it  was  obvious  that  the  deterioration  of  the  ZPG-3W 

envelope  was  caused  by  bacteriological  attack  on  the  natural  fiber 
(cotton)  of  the  fabric.  Such  evidence  as  was  actually  evaluated  by 
specimen  removal,  and  other  visual  checks  was  sufficient  to  indicate 
to  the  inspection  team  that  major  portions  of  the  envelope  were  in 
similar  condition  and  extensive  sampling  would  have  been  necessary 
to  locate  the  usable  portions.  Repairs  would  have  been  required  to 
such  extent  so  as  to  exceed  the  available  supply  of  materials  with 
no  guarantee  of  100%  airworthiness.  It  was  on  this  basis  that  the 
envelope  was  surveyed. 

6.2  ZPG-2  The  discolored  patterns  of  the  ZPG-2  were  in 

contact  with  water.  Test  specimens  from  these  patterns  showed  low 
ply  adhesion,  and  a "clean"  peel  at  the  interface. 

Neoprene  compounds,  can  be  affected  by  moisture.  Data, 
reference  (n) , available  on  life  jackets  and  other  multiple  plies  of 
bonded  fabrics  suggests  that  under  conditions  of  moderate  temperature 
and  moisture,  neoprene  compounds  exhibit  a phenomena  of  a loss  of 
adhesion  at  the  interface. 

Neoprene  and  hypalon  plus  heat  degradation  or  oxidation  will 
yield  sulphur,  carbon  dioxide  and  hydrogen  chloride.  The  hydrogen 
chloride  in  combination  with  moisture  produces  hydrochloric  acid 
which  attacks  the  adhesion  at  the  interface.  Instead  of  a cohesive 
failure  where  some  of  the  adhesive  sticks  to  each  side  of  the 
interface,  the  break  at  the  interface  is  clean.  The  adhesive  adheres 
to  one  side  and  the  other  side  is  "clean". 

The  Range  Measurement  Laboratory,  reference  (h)  hypothesized 
that  the  poor  adhesion  was  caused  by  hydrolytic  deterioration  of 
the  surface  of  the  polyester  yarns  monofilaments.  The  electron 
photomicrographs  do  not  verify  that  the  weak  adhesive  of  the  neoprene 
interply  is  the  result  of  such  hydrolytic  decomposition.  The 
photomicrographs,  however,  do  show  that  the  neoprene  pulled  off  the 
areas  of  good  ply  adhesion  with  difficulty  leaving  "pull  marks" 
evidenced  by  the  irregular  mottled  spots.  Tension  between  the 
plies  probably  caused  these  deformation.  In  contrast,  the  specimens 
with  poor  ply  adhesion  did  not  show  any  "pull  marks"  but  the  surface 
of  the  polyester  monofilaments  were  smooth. 
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It  was  agreed  that  small  but  finite  tension  Is  provided  by  neoprene 
"interlocking"  through  the  Interstices  of  the  weave. 

There  Is  also  data  available  that  when  accelerators,  are  used 
in  excess,  they  will  also  combine  with  moisture  to  cause  the  break 
down  of  the  adhesion  value  at  the  interface.  A clean  pull  will  occur 
between  the  adhesive  and  the  fabric  interface. 

The  current  test  data  suggests  that  the  low  interply  adhesion 
seems  to  be  confined  to  the  top  two  patterns  of  the  hull  (gore  H and 
I)  and  extends  from  panel  40  to  panel  63.  There  is  also  some  evidence 
of  poor  ply  adhesion  in  the  aft  and  forward  ends. 

7.  RESULTS 

Visual  inspection  indicated  that  in  general  the  bonded  areas  in 
the  ZPG-2  Dacron  envelope  GDC-5  were  intact  and  the  fabric  shoved 
little  damage. 

Laboratory  tests  of  specimens  from  the  sample  discs  removed  from 
the  envelope  indicated  that,  at  the  time  of  test,  the  permeability  and 
strength  characteristics  were  good  showing  little  change  from  the 
original  test  values.  The  interply  adhesion  however,  showed  deteriora- 
tion. This  deterioration  of  ply  adhesion  was  especially  marked  in 
the  discolored  areas. 

Electron  photomicrographs  showed  that  the  neoprene  in  the  "better" 
ply  adhesion  areas  pulled  off  with  difficulty,  leaving  pull  marks.  In 
comparison,  the  areas  of  poor  ply  adhesion  did  not  show  any  pull  marks. 

Efforts  to  identify  a yellowish  surface  deposit  indicated  that 
the  material  was  of  inorganic  nature,  a siliceous  material,  probably 
the  talcum  powder  used  to  destroy  the  excess  tack  of  the  adhesive 
system. 


8.  RECOMMENDATIONS 

It  was  recommended  by  the  inspection  team  that  the  areas  of  the 
ZPG-2  Dacron  envelope,  GDC-5,  exhibiting  low  ply  adhesion  be  reinforced 
or  replaced.  The  exact  method  of  repair  should  be  determined  prior  to 
actual  commitment  to  use.  The  loading  conditions  and  stresses  should 
not  exceed  design  values. 

^ It  is  further  recommended  that  the  airship  hull  be  subjected 

to  a full  pressure  test  to  ensure  the  integrity  of  the  seams. 

* 

V It  is  strongely  recommended  that  the  envelope  be  stored  in  an  area 

1 that  will  be  safe  from  rain  soaking  and  with  controls  on  the  tempera- 

k ture  and  humidity. 
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RESULTS  OF  VISUAL  INSPECTION  OF  CDC-5,  GORES  A TO  P,  PANELS  1 THROUGH  31 


Blister  H - Hole  W - Water  Stain 

Chafing  H*-  Hole,  Ripped  ard  Torn  ( )"  Loose  Cover  Patch 

Defective  Tape  L ' Loose  TaPe 

T - Trapped  Water 


RESULTS  OF  VISUAL  INSPECTION  OF  GDC-5,  GORES  A TO  P,  PANELS  32  THROUGH  62 
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TABLE  VII 

PHYSICAL  TESTS  RESULTS  OF  FABRIC  DICS  FROM  PATTERN  2 AH,  441,  67H 
AND  S7I  OF  THE  ZPG-2  DACRON  ENVELOPE  GDC-5 


Panel/Gore 

24H 

44H* 

67H 

871 

Tensile  Strength  (lbs. /in.) 

Straight  Warp 

315 

300 

265 

305 

; 

316 

286 

275 

299 

310 

289 

289 

297 

Avg. 

314 

292 

276 

300 

! 

Fill 

274 

260 

253 

294 

273 

256 

250 

295 

266 

262 

290 

Avg. 

271 

259 

"252 

293 

i 

Bias  Warp 

210 

210 

196 

217 

179 

212 

206 

206 

200 

i 

Avg. 

194 

m 

201 

212 

i 

Fill 

190 

149** 

177 

195 

I 

210 

162** 

164 

189 

185 

Avg. 

200 

156 

175 

192 

• 

Helium  Permeability 

» 

L/sq.  m/24hrs. 

0.8 

1.1 

0.9 

0.6 

Ply  Adhesion  (lbs. /in.) 

7.1 

2.0*** 

6.8 

10.4 

\ 


I 

\ 

.* 

a 

\ 

i. 

« 

* 


* Discolored  with  yellowish  white  deposit. 

**  Ply  separation  observed. 

***  Approximated  value. 

529 


M 

Q 

00 

CM 

NO 

CM 

co 

co 

m 

! r~^ 

m 

00 

On 

O 

o 

o 

oo 

ao 

CO 

00 

• 

• 

vO 

2 

CM 

co 

co 

co 

CM 

CM 

CM 

cm 

m 

vD 

O CM  On  O'  CO  ON  C"- 

• •••••• 

vo  vo  o o o o m 


Q 

cj 

Q 

O 

O 

Mt  1 

1 r~~^ 

co 

i— < 

1 CM 

<* 

COl 

|<* 

.-4 

CM 

ir^ 

CM 

CO 

Ico 

co 

vO 

lO  I 

IvO 

CM 

< 

ON 

On 

On  | 

ON 

vO 

m 

i— 4 

- 4 I 

O 

f"- 

co 

• 

• 

1 • 

• 

• 

• 

• 

in 

CM 

CM 

CM  | 

|CM 

CM 

CM 

CM 

CM 

CM  | 

CM 

CM 

r-4 

1 r— ^ 

ON 

ON 

1 On 

o 

O I 

|o 

o 

3 

ON 

o 

to 

C/D 

• 

00 

o 

Q 

c 

cd 

X 

CM 

CM 

CO 

[O 

n* 

CM 

p 

1 00 

ON 

O 

d 

a> 

cd 

CO 

r- 

oo 

CO  I 

00 

vO 

n- 

p 

1 • 

• 

m 

pi 

% 

hJ 

CM 

CM 

CM 

CM  | 

[CM 

CM 

CM 

<N 

1 I 1 o 

o 

X 

*t~4 

c 

tc 

X 

co 

r» 

VO 

CM 

m 

r- 

CO 

ON 

vO 

oo 

o 

ON 

ON 

ON 

ON 

CO 

Q 

cc 

CJ 

CO 

o 

ON 

o 

r— • 1 

o 

VO 

VO 

o 

vO 

• 

• 

• 

• 

• 

• 

Mf 

N-' 

Pi 

s: 

►J 

co 

CM 

co 

co 

CO 

CM 

CM 

CM 

CM 

T— l 

CM 

1—4 

r— 4 

r— 1 

r~*  I 1 

J— « **  z 

> M W 

ON 

uJ  n z 

>J  O 
cop: 
< m u 

H M < 

O Q 


M 

•»4 

Q 

CO 

vO 

CM 

CM 

O 

o| 

|r% 

CM 

r— 4 

CNI 

CM 

o 

col 

o 

ON 

CO 

Q 

On 

ON 

co 

ON 

m 

in 

• 

• 

• 

• 

• 

• 1 

• 

• 

<J- 

N-/ 

CM 

CM 

CM 

1 CM 

CM 

CM 

CM 

|CN 

CM 

CM 

|<N 

1 

r— 4 

r— < 

o| 

H 

v© 

r— 4 

/-\ 

-o 

r— 1 1 

0) 

i~t  1 m 

lun 

u 

*r-4  I • 

• 

I • 

o 

k-t| *— 1 1 

r— I 

1 r— I 

r— 4 

O 

cj 

CJ 

Q 

M 

vO 

00 

00 

co 

|°0 

col 

IO 

o 

O] 

I0 

5)  00 

co 

P 

•4- 

CM 

T— ( 

col 

1° 

CM 

Q 

ON 

ON 

ON 

in 

m 

m 

ON 

o 

O 

vO 

vO 

V© 

cJ  • 

• 

• 

• 

• 

• 

• 

• 

• 

H 

§ 

CM 

CM 

|(N 

CM 

CM 

[cm 

r— 1 

CM 

[cm 

t — * 

r— 4 | 

1 r~~^ 

3|<N 

CM 

CM 

|<N 

CO 

i— 4 

r— 4 

o| 

1 r"- * 

CO 

O 

CO 

M 

Q 

CO 

m 

00 

ION 

CM 

vD 

ml 

|<r 

00 

m 

o 

o 

CO 

r—41 

1 T— * 

On 

ON 

co 

00 

CO 

vO 

VD 

vO 

VO 

• 

• 

• 

• 

• 

• 

• 

• 

• 

CO 

§ 

CM 

CM 

CM 

P 

CM 

CM 

CM1 

1 CM 

<1- 

m 

l»n 

in 

t— 4 

r— 4 

T— ■C] 

1 T~~* 

in 

■ — 

60 

60 

60 

• 

> 

> 

> 

CD 

< 

<c 

c 

»-<  05 

• -rl  U 


fcO  >-4 

H 

U 

r-4 

CD  ,£5  x 

• 

C CC 

•H 

a3 

v-4 

u cd 

'O 

Q)  £2 

pti 

5 

[*4 

C ^ 

X a>  <t 

U 

o Z 

G CM 

u u 

•h  a 

vO  W — 

N 

>N 

co  X 

© r4 

r-4  <U  G 

O 

X 

to 

0)  ^ 

X 

N-/ 

a *r-4 

Xi  • 

u • 

X 

r— 4 <C 

^ ID 

<d  G a* 

4J 

a> 

•H  }-t 

05 

•U  D CD 

X 

4-» 

CD  4J 

<d 

^ r— 4 

4-4  v-4  \ 

60 

CD 

c co 

< X 

*r-4 

D 

P5 

r-4 

0) 

H 

H 

cu 

X 

— 


% r.1 


i 


TABLE  IX 


PHYSICAL  TEST  RESULTS  OF  TEST  DISC  SAMPLE  FROM  EACH  OF  THE  BALLONET 


Center  Center 

Ballonet  Identification  Forward  Aft  Port  Starboard 

, Panel/Gore  391  72A  55B  57B 

Tensile  Strength  (lbs. /in.) 

Straight  Varp  128  126  194  177 

125  125  186  177 

121  125  180  177 

1 

Avg.  125  125  186“  177 

Fill  121  120  178  163 

117  123  178  164 

111  121  172  164 


Avg.  116  121  176  164 


Weight  (oss. /yd.  ) No  teet  16.03  15.9  15.79  16.14  14.98  No  test  14.98  No  test  15.40  15.73  15.79 
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PHYSICAL  TEST  RESULTS  OF  DACRON  - NEOPRENE  REPAIR  FABRIC,  CODE  N 313A130 


Dacron  - Neoprene  Fabric  Code  No. 


N 313-A-130 


Tensile  Strength  (lbs. /in.) 


Straight  Warp  279 

277 

291 

279 

Fill  253 

250 

240 

248 

Bias  '-'arP  257 

276 

265 

264 

Fill  232 

245 

230 

236 


Adhesion  Between  Plies  (lbs. /in.)  9.4 

7.3 

8.4 

Helium  Permeability  0.4 

L/sq.  m/24  hrs.  0.4 

0.4 

0.4 

2 

Weight  (oz./yd  ) 15.66 
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StT'T.XY  Or  S*":  :'..CE  Pi' X PAHA"  rOK  FOP.  J'fNS 

NOTE  NAWEPS  01-155-503  Section  V 

ny  surface  completely  prepared  for  repairs  must  be  dry,  clean,  reasonably 
smooth ; * free  from  oil’ or  paraffin,  reasonably  free  from  paints  and  pebbled- 


SUH  r AC E 

* — <v»  — 

REMOVE 

EXTENT 

PROCESS 

FINISHED 

APPEARANCE 

PAR. 

P.EF 

a..  Plain 
NOTE 

Remove  sheen 
on  Dacron 
f-ah-  *s  before 
cementing. 

Curing  dust 

All 

Scrub  surface*  and  wash 
surface  with  cloth  dam- 
pened with  tolnaphtha 
solution,  Solvesso, 
trichloroethane  1.1.1 
(stabilized),  or  toluene. 

Dark  coat  Is  free  from 
dirt  streaks  and  has  a 
velvety  appearance  and 
feel. 

5-24 

5-25 

b.  Zi  t ralfined 

Paraffin 

All 

Buff  surface*  with  fiber 
bristle  brush  and  wash 
surface  with  cloth  dam- 
pened with  trichloro- 
ethane 1.1.1  (stabilized). 

Dark  coat  Is  free  from 
dirt  streaks  and  pin- 
points of  light.  Surface 
has  a velvety  appear- 
ance and  feel. 

5-2G 

5-27 

c.  Aluminized 

Neoprene 

aluminum 

paint 

Reasonably 
free  of 
paint  coat 

Buff  surface*  and  wash 
surface  with  cloth  dam- 
pened with  tolnaphtha 
solution,  Solvesso, 
trichloroethane  1.  1.  1 
(stabilized),  or  toluene. 

Dark  grey  finish  is  free 
from  dirt  streaks  and 
has  even  color.  Surface 
has  a velvety  feel. 

5-28 

5-29 

5-30 

d.  Exposed 
(cement- 
pebbled) 

Old  cement 

Reasonably 

free  of 
cement 

Rub  surface  with  fabric 
eraser*;  wash  with  cloth 
dampened  with  tolnaphtha 
solution,  Solvesso,  trich- 
loroethane 1.  1.  1 (stabil- 
ized), or  toluene. 

Some  cement  may  be 
firmly  attached  to  sur- 
face. Surface  Is  fairly 
smooth  and  of  an  even 
color. 

5-31 

5-32 

e.  Painted  with 
anti-static 
coating 

Anti-static 
coating  and 
paraffin 
(refer  to 
"b") 

All 

Buff  surface*  and  wash 
surface  with  cloth  dam- 
pened with  trichloro- 
ethane 1.  1.  1. 

Dark  coat  Is  free  from 
dirt  streaks  and  has  a 
velvety  appearance  and 
feel. 

5-32A 

f.  Coated  with 
antl-radla- 
tion  paint 

Anti-radiation 
coating  and 
paraffin 
(refer  to 
"b”) 

All 

Buff  surface*  and  wash 
surface  wTth  cloth  dam- 
pened with  tolnaphtha 
or  trichloroethane 
1.  1.  1 (stabilized). 

Dark  coat  Is  free  from 
dirt  streaks  and  has  a 
velvety  appearance  and 
feel. 

5-32D 

g.  Kypalon- 
• aluminum 
weather- 
rebibiftnt 
paint 

Hypalon  paint 
down  to  neo- 
prene coating 

All 

Rub  surface  with  fabric 
eraser*;  wash  with  cloth 
dampened  with  tolnaphtha 
enlutlon,  Polvoflbo,  or 
trichloroethane  1.  1.  1 
(stabilized). 

Dark  grey  finish  Is  free 
from  dirt  streaks  and 
has  even  color. 

5-30A 

5-30B 

•WAHMNG 

Do  not  damage  exposed  scams  or  threads  In  seam  stitching. 
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TABLE  XIV 


PREPARATIONS  FOR  MIXTURES  OF  1451-C  ADHESIVE  SYSTEM 


Ingredient 

Neoprene  Cement  (1451-C) 

Heavy  Mixture 

Light  Mixture 

Extra-Light  Mixture 

1.00  gallon 

1.00  gallon 

1.00  gallon 

Accelerator  (983-C) 

100  cc 

100  cc 

100  cc 

Accelerator  (1467-C) 

None 

None 

200  cc 

Trichloroethane  1.1.1 
(stabilized) 

None 

0.33  gallon 
(43  fluid  oz.) 

0.50  gallon 
(64  fluid  oz.) 

I I 
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TABLE  XV 


PERMANENT  REPAIRS  MADE  ON  THE  ZPG-2  DACRON  ENVELOPE , GDC-5 


681 

871 

117J 


Test 

Test  Dies 

Peel  Test 

> 

Dies 

Car  Cover 

(Toncue  Test) 

Fane  1/Gore 

Batten  natch  18  H and  I 

< 

8L 

Hole  in  antenna  plate 

44/H 

1 * 

24H 

Handling  damage  - 

391 

oblong  patch  37/H 

j 

42H,  421 

Piasecki  test  sample,  35/F 

[ * 

43H,  431 

43 

Holes:  55B 

* 

i 

44H 

44H,  44H 

56M 

| i 

46 

56B  (5) 

i 

481 

8 IP 

50D,  SOD 

Large  oblong  hole  in 

« 

air  tunnel 

. 

SOM 

52D 

601 

1 i 

53D 

r * 

f a 

67H 

67H 

53H 


TABLE  XVI 


PERMANENT  REPAIRS  HADE  ON  THE  BALLONETS  OF  THE  ZPG-2  DACON  ENVELOPE,  GDC-5 


Test  Pics  F roro  P.allonet 
Forward 

Center  - Starboard 

< 

i 

Center  - Port 
Aft 

* 

i 


Panel/Gore 

39P;  Hole  part  of  207.  mark 
57B;  Hole  near  Panel  56,  12'  above  shoe 
Hole  near  Panel  57  - high 

55B 

72A 


i 

. 
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Abstract 


With  experience  gained  through  the  use  of  a new  gas  "permeameter" 
(briefly  described)  which  is  intrinsically  self-calibrating,  has  high 
resolution  and  accuracy,  and  operates  fabrics  under  test  with  any  gas 
in  a regime  similar  to  balloon  application,  it  has  been  possible  to  study 
several  generic  types  of  structural  fabrics  as  gas  retaining  membranes. 
The  significance  of  absolute  partial  pressures,  of  gauge  pressure,  of 
gas  species,  and  of  tension  and  relaxation  effects  has  been  explored  for 
various  types  of  fabrics.  The  relationship  of  these  parameters  is  pre- 
sented. 


1.  1 INTRODUCTION 

An  important  and  perhaps  the  most  important  property  of  balloon 
and  airship  fabric  is  its  gas  retention  capability.  This  property,  like 
that  of  strength,  is  a characteristic  of  the  fabric  or  one  of  its  special- 
ized components  and  is  a compromise  with  weight.  A central  objective  of 
the  fabric  designer  is,  therefore,  to  provide  the  best  compromise  between 
gas  retention  and  strength/weight  ratio  for  the  application  at  hand.  In 
achieving  this  objective,  he  must  maintain  favorable  secondary  properties 
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relating  to  durability.  As  fabric  properties  have  improved  with  the  rapid 
introduction  of  modern  materials  there  has  arisen  a need  for  a more  sensi- 
tive and  accurate  means  of  measuring  the  gas  retention  characteristics. 

I . I The  (las  Retention  Parameter 

It  is  important  to  understand  the  mechanism  of  gas  loss  which, 
from  a purely  practical  standpoint,  takes  place  in  two  ways,  namely  by 
leakage  and  by  diffusion. 

The  first  of  these  two,  leakage,  results  from  openings  in  the  gas- 
barrier  component  of  the  fabric.  Leakage  obviously  results  from  perfora- 
tions, tears,  and  the  like;  but  it  also  is  the  loss  mode  from  openings  of 
very  small  size.  Such  openings  are  frequently  encountered  as  "pinholes" 
caused  by  flexural  fatigue  and  by  voids  in  coatings  or  film.  Whenever 
the  opening  is  a rupture  or  gross  discontinuity  of  the  molecular  lattice 
of  the  barrier  material,  leakage  is  the  mode  of  gas  escape.  Light  gases 
will  leak  through  holes  as  small  as  2nH  — well  below  one-millionth  of  an 
inch.  If,  by  contrast,  the  molecular  lattice  of  the  barrier  material  is 
intact,  the  gas  escapes  by  diffusion.  This  apparent  hair-splitting  is  well 
justified  because  the  two  modes  obey  fundamentally  different  laws. 

1.1.1  LEAKAGE;  PERMEATION 

The  permeation  equation,  first  stated  by  Darcy  in  1856,  has  become 
known  as  Darcy's  Law  and  governs  such  phenomena  as  seepage,  capillary  flow, 
porosity,  and  permeability.  This  leakage  is  actually  flow  in  the  conven- 
tional hydraulic  sense  and  is  stated  as 

KA  • AP  QH 

Q = K * 

where:  Q = flow  of  a homogeneous  fluid  (quantity  / time) 

K = permeability.  A property  relating  to  the  structure  of 
the  porous  solid 

A = area  of  the  solid  exposed  to  fluid 
AP  = gauge  pressure  acting  on  the  fluid 
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H = thickness  of  the  porous  solid 

The  relation  is  generally  true  for  all  fluids  including  gases. 
Empirical  variations  have  been  written  for  liquids  to  account  for  turbu- 
lent flow  where  appropriate  and  for  viscosity. 

1.1.2  DIFFUSION 

The  diffusion  of  a gas  through  a membrane  is  a quite  dif- 
ferent phenomenon.  It  obeys  the  diffusion  equation  based  upon  the  Fick 
Law  and  is  dependent  upon  the  volume  and  structure  of  the  membrane  and 
the  concentration  and  structure  of  the  gas.  The  general  form  of  the  Fick 
Law  is 

J = -D  grad  p 

where:  J = mass  flow  per  unit  area  per  unit  time 

D = a diffusion  constant 

p = density  (i.e.,  concentration) 

Temperature  and  absolute  partial  pressure  of  the  gas  determine  its 
concentration.  Of  great  importance  is  the  absence  of  the  differential 
pressure  term.  Thus,  a gas  will  diffuse  through  a membrane  even  if  the 
AP  is  conventional ly  negative. 

1.2  Fabric  "Permeability” 

It  has,  unfortunately,  been  customary  to  describe  the  gas-loss 
characteristic  of  fabrics  as  their  "permeability",  borrowing,  perhaps, 
from  the  filter  art  before  gas  inflation  of  fabrics  was  important  or  well 
understood.  A more  accurate  designator  might  be  Coefficient  of  Trans- 
diffusion. 

The  so-called  "permeabil ity"  of  a substance  has  been  given  as: 

(Area) (Time) (Pressure) 

V = 

Thickness 

In  the  inflated  fabrics  art,  a fabric  under  consideration  is  charac 
terized  by  thickness  which  is  separately  considered  and  fully  determined 
characterization  parameter,  implicit  in  the  sample.  Further,  it  is  sel- 


dom  easily  possible  to  measure;  and  so  standard  practice  has  been  to  rate 
the  gas-retaining  parameter  of  aerostat  and  airship  fabrics,  omitting 
thickness,  by; 

Permeability  = Liters/Meter  ^/day 

It  is  proposed  to  avoid  the  ambiguity  in  the  use  of  "permeability" 
and  use  "trans-diffusion  coefficient"  or  P in  liters  per  square  meter  per 
day. 
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2.  THE  MEASUREMENT  OF  TRANSDIFFUSION 
2.1  Background 

The  measurement  of  trans-diffusion  is  a measurement  of  the  volume 
of  escaped  gas.  Although  there  are  known  to  have  been  other  privately- 
used  instruments,  the  method  commonly  accepted  in  the  1 ighter-than-air 
field  by  industry  and  the  U.  S.  Government  has  been  based  upon  the  Cam- 
bridge Permeameter.  The  British  Government  has  used  a similar  instrument. 
Most,  if  not  all,  airship  and  aerostat  manufacturers  and  their  suppliers 
use  this  method. 

Basically,  the  Cambridge  Permeameter  measures,  indirectly,  the 
volume  of  gas  which  has  diffused  through  a clamped  specimen  by  means  of 
measurement  of  its  thermal  conductivity  using  an  electrical  resistance 
bridge.  Its  principal  disadvantages  are  insensitivity  to  small  diffusion 
rates,  and  lack  of  a simple  and  available  calibration  means.  Their  user 
requires  a detector  which  has  been  standardized  for  the  gas  to  be  used, 
and  he  must  accept  that  its  response  in  the  instrument  is  quantitatively 
accurate.  Convection,  purity,  and  volume  terms  introduce  considerable 
error  which  is  more  or  less  insensible. 

Because  of  these  shortcomings,  a more  suitable  method  became  in- 
creasingly desirable  as  our  involvement  in  aerostat  development  progres- 
sed. After  deciding  on  the  fundamental  basis  of  our  work,  and  some  labora- 
tory effort,  the  instrument  to  be  described  was  constructed  and  tested. 
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2.2  111*-  U M I . Trails- 1 >i tlusi unci cr 

2.2.1  PRINCIPLE  OF  OPERATION 

The  basic  goal  in  designing  the  instrument  was  to  eliminate  in- 
direct measurement.  Since  the  phenomenon  is  specifically  concerned  with 
gas  vorime  and  time,  these  parameters  would  be  measured.  By  electing  a 
direct  volume  measurement,  the  collateral  advantage  of  utility  with  any 
gas  was  obtained.  Since  all  gases  at  equal  temperatures  and  pressures 
have  the  same  number  of  molecules  by  volume  (Avogadro's  Law),  a useful 
inter-comparison  of  the  diffusion  rate  for  various  gases  through  the  same 
specimen  may  conveniently  be  made  directly. 

For  modern  fabrics,  a 0 of  1 L/M^/da  is  readily  obtainable;  so 
for  reasonable  specimen  size  and  testing  time,  very  small  volumes  must 
be  measured  with  acceptable  accuracy.  Gases  have  large  thermal  expansion 
coefficients  and  so  thermal  considerations  are  important. 

The  method  of  volumetric  measurement  chosen  was  replacement  of  es- 
caped gas  over  a measured  time  interval  using  test-cell  pressure  as  the 
criterion.  This  required,  in  addition  to  precise  volume  measurement,  a 
sensitive,  high  resolution  pressure  gauge. 

It  should  be  noted  that  this  method  measures  gas  loss,  whatever 
the  mechanism;  and  that,  in  principle,  the  two  modes  could  coexist  with 
equal  effect  in  a single  specimen.  However,  in  practice,  the  two  are  not 
easily  confounded  since  one  or  the  other  has  been  found  to  predominate. 

If  a sample  is  left  sealed  on  the  instrument  for  a long  time,  e.g.,  over- 
night, a negative  gauge  pressure  of  the  order  of  several  inches  will  be 
observed  beneath  the  specimen  if  the  dominant  mode  has  been  diffusion. 

2.2.2  INSTRUMENT  DESIGN 

The  instrument  is  shown  schematically  in  Figure  1.  The  specimen 
is  mounted  on  the  fixture  by  a clamping  device  which  allows  the  top  side 
access  to  the  atmosphere.  The  underside  of  the  specimen  as  well  as  the 
microburette  and  the  pressure  gauge  are  purged  with  helium  which  is  intro- 
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duced  through  a micro-metering  valve  and  exhausted  through  the  purge  valve. 
With  purging  complete,  the  purge  valve  is  closed  and  the  pressure  adjusted 
to  the  test  value  by  means  of  the  micro-metering  valve.  At  the  end  of  the 
test  time,  the  pressure  beneath  the  specimen  is  restored  to  its  initial 
value  by  replacing  the  lost  gas,  using  the  microburette.  The  volume  of 
gas  replaced  is  indicated  by  the  microburette  and  the  0 is  calculated,  as 
described  later,  from  this  and  the  specimen  area. 

Figure  2 is  a photograph  of  the  first  successful  embodiment  of  the 
instrument.  The  microburette  consists  of  a stainless  steel  welded  bellows 
driven  by  a micrometer  head.  The  microburette  was  calibrated  as  described 
below.  The  pressure  gauge  is  an  inverted  bellows  driving  the  core  of  a 
free-core  linear  variable  differential  transformer  (LVDT).  The  LVDT  is 
supplied  with  ±15  volts  d-c,  regulated,  at  about  20ma.  The  high-level  out- 
put is  read  on  a 3-1/2  digit  digital  voltmeter,  and  appears  in  three  signifi- 
cant figures. 

Gas  volume  of  the  instrument  is  carefully  minimized  and  the  test 
fixture  is  made  massive  so  as  to  minimize  temperature  effects.  The  LVDT 
requires  no  warm-up  so  it  is  switched  "ON"  only  when  reading  pressure.  This 
instrument  has  made  hundreds  of  measurements  and  is  still  in  use  pending  the 
fabrication  and  assembly  of  an  improved  replacement. 

2.2.3  CALIBRATION 

Current  practice  of  describing  the  gas  retention  characteristics 
of  composite  fabrics  is  to  state  the  loss  of  gas  in  liters  per  square  meter  of 
sample  per  24  hours.  We  have  chosen  a 1/100  square  meter  sample,  and  a 1 hour 
observation  time.  The  volume  measured  in  cubic  centimeters  for  this  size 
sample  and  observation  time  is 

Vcc  = (10-2)(103)(1/24)U,  (in  L/M2/da) 

that  is 

Vcc  X 2.4  = 0(in  L/M2/da) 
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| The  microburette  was  calibrated  by  connecting  a 1 cc  pipette  to  its 

port,  and  filling  with  water.  The  water  displaced  by  the  bellows  was  recorded 
as  a function  of  micrometer  spindle  excursion.  The  plot  of  this  function, 
shown  in  Figure  3,  is  linear  except  for  a small  segment  near  the  origin  caused 
by  a lateral  shift  of  the  drive  bearing.  This  region  is  not  used. 

From  the  chart,  the  excursion  in  inches  times  22.222  equals  the  dis- 
placed volume  in  cc's. 

Therefore,  gas  loss  in  L/M^/da,  0,  is  excursion  in  inches,  times  the 
' micrometer  conversion  factor,  times  the  displacement  in  cc's  or 

I < 

0 = excursion,  inches  ( 22. 222 ) ( 2 . 4 ) 

[ » 

Dividing  by  10~3  to  use  thousandths,  as  read  on  the  micrometer  spindle 
sleeve, 

0 = micrometer  thousandths  (0.0533) 

f M 

1 i|  The  result  of  the  measurement  presumes  liters  at  standard  temperature 

I | and  pressure.  It  is  practical  to  work  with  ambient  temperature;  and  pres- 

1 sure  may  be  taken  as  1 atmosphere. 

For  strictest  accuracy,  however,  the  factor  0.0533  must  be  multiplied 
by  the  ratio  significant  of  the  test  pressure  as  compared  to  atmospheric. 

I ; For  a test  run  at  2 inches,  water  gauge,  the  ratio  is 

I 408.8 

1-0049 

and  the  factor  above  becomes  0.0536. 


i i 

I 

1 'it 


3.  PROBLEMS  ENCOUNTERED 

No  problems  peculiar  to  the  instrument  have  been  encountered.  How- 
ever, the  sensitivity  of  the  instrument  has  made  temperature  effects  rather 
prominent.  By  minimizing  the  gas  volume  of  the  instrument  and  by  incor- 
porating large  thermal  mass  in  the  test  cell,  it  has  been  found  possible 
to  reduce  temperature  effects  to  an  acceptable  level,  provided  the  labora- 
tory temperature  is  maintained  within  t two  degrees  F. 
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The  heat  loss  which  accompanies  the  expansion  of  gas  from  the  high 
pressure  supply  tank  requires  special  means  for  dissipation.  This  effect, 


of  course,  prevails  with  any  test  method,  and  results  in  a progressive 
increase  in  measured  0 until  the  gas  reaches  equilibrium  temperature.  Use 
of  low  pressure  intermediate  supply  vessels,  gas-to-air  heat  exchangers,  and 
low  pressure  regulators  singly  or  in  combination  is  required. 

4.  PRELIMINARY  RESULTS  OF  TESTS 

The  first  instrument  is  somewhat  time-consuming  to  load  and  purge, 
so  our  data  base  is  not  yet  large.  Because  of  this,  the  results  must  be 
considered  preliminary. 

For  certain  fabrics,  a rigid  restraint  plate  can  be  used  on  the  air 
side  of  the  test  specimen  in  order  to  prevent  distention  and  relaxation  ef- 
fects which  may  have  long  time  constants. 

o 

We  have  found  that  Mylar  laminates  in  the  weight  range  of  5 to  10  oz/yd 
have  the  lowest  0,  at  least  prior  to  shear  working  or  flex-  or  fold-testing. 

The  next  best  materials  in  this  weight-class  appear  to  be  polyester- 


type  polyurethanes  in  which  at  least  one  of  the  layers  is  a transfer-coated 
film.  Results  on  butyl  rubber  barrier  material  indicate  a moderate  loss  in 
gas  retention  over  a period  of  exposure  of  two  years,  although  not  all  ex- 
posed material  shows  this  phenomenon.  The  best  present  hypothesis  is  that 
it  is  related  to  high  temperature,  but  this  has  not  been  proven.  Neoprene 
fabrics  have  diffusion  rates  comparable  to  polyurethanes.  Our  experience 
testing  neoprenes  with  this  instrument  is  very  limited  but  there  appears  to 
be  satisfactory  consistency  in  the  results. 
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Abstract 


Lightspeed  USA,  Inc.,  (LSI)  has  as  its  corporate  goal,  the  development  and 
commercialization  of  the  vast  potential  of  lighter -than -air  technology.  LSI's  inter- 
ests in  LTA,  span  from  tethered  balloons  to  airships.  As  of  May  197  6,  LSI  has 
completed  the  preliminary  design  of  a 2,  200,  000  cu  ft  vertical  takeoff  30  ton  pay- 
load  commercial  transport  airship.  The  vehicle,  named  Lightship  LS-60  is  based 
on  traditional  C shape  of  the  U.  S.  Navy  blimps  ZS2G-1.  The  modern  type  of  aero- 
structure  consists  of  eight  independent  helium  chambers,  a geodetic  frame,  and  a 
pressurized  external  fabric  cover  with  inflatable  fins.  This  structural  system  is 
basically  a synthesis  bringing  the  advantages  of  a rigid  airship  and  a blimp  to- 
gether. The  propulsion  system  consists  of  five  engines;  one  mounted  at  the  stern 
for  forward  flight  and  maneuverability,  while  the  other  four  are  installed  along  the 
lightship  hull  for  vertical  liftoff  and  ballast  compensation.  The  two  forward  engines 
can  be  rotated  for  forward  flight,  enabling  the  lightship  to  reach  maximum  cruising 
speed  of  110  knots.  A system  of  thrusters  working  on  compressed  air,  installed 
close  to  the  engines  will  ensure  rapid  control  of  the  lightship  close  to  the  ground. 
This  propulsion  system  will  enable  the  lightship  to  operate  over  extended  periods 
independently  of  ground  handling  facilities.  In  the  late  1970's,  lightships  with  their 
30  ton  payloads,  will  begin  to  satisfy  the  vast  commercial  and  military  markets  for 
a practical  and  inexpensive  vertical  takeoff  aircraft. 
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